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PREFACE

This report presents the results of a major research study addressing
the causes of excess emissions from California vehicles. The effort
produced ten separate reports. This volume contains the first five
reports produced under the contract. They are:

Title Section
Heavy-Duty Diesel NOx and Particulate Control Technologies I
Enforcement Alternatives for Heavy-Duty Engine Emission IT
- Standards
The Feasibility of a Heavy-Duty Gasoline Truck Inspection I11

and Maintenance Program

Evaluation of "Expert Systems" and Test Analyzer System v
Enhancements for the California Smog Check Program

Evaluation of Factors Affecting Catalyst Durability .V
In Light-Duty Vehicles

The remainder of the reports produced under this contract are
contained in Volume II. For an overview of all of the work produced
under the contract, the reader is referred to:

Executive Summary of Work Produced Under ARB Contract
"A Study of Excess Emissions - Causes and Control",
December 1988.
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The statements and conclusions in this report are those of the
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Board. The mention of commercial products, their source or their use
in comnection with material reported herein is not to be comsidered as
an actual or implied endorsement of such products.
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1.0 INTRODUCTION

Highway vehicles account for a large fraction of the air pollutant
emissions inventory, in California as in most other states. As increasingly
stringent controls are applied to passenger cars and light trucks, the contri-
bution of the relatively uncontrolled heavy-duty vehicles has become more
conspicuous. Virtualiy all buses and all of the heaviest class of trucks are
diesel powered, as are an increasing fraction of the lighter classes of heavy-

duty trucks.

Heavy~duty diesel engines emit very little carbon monoxide (CO) for
their size and only moderate amounts of unburned hydrocarbons (HC). Diesel
oxides—of-nitrogen (Nox) emissiong are as great or greater than those from
comparable gasoline engines, however. Diesels also emit significant amounts-
of particulate matter (PM), virtually all of which falls within EPA's and
ARB's definition of inhalable or fine particulate. Visible smoke and odor
from diesel engined vehicles are also common causes of public offense, and

major sources of complaints to air pollution control agencies.

In order to limit these emissions and reduce their effects on
ambient air quality, both the California Air Resources Board (ARB) and the
Federal Environmental Protection Agency (EPA) have adopted regulations limit—
ing pollutant emissions from new heavy-duty diesel engines. The most recent
regulations——adopted in 1985 and 1986, and taking effect in 1988, 1991, and
1994—~have forced the rapid development of emissions controls for heavy-—duty
diesel engines. This report documents the results of a Radian Corporation
study qf the current status of diesel emissions control technology, performed

under subcontract for the California ARB.

1.1 Emissions Regulations For Heavy-Duty Diesel Engineg

- Table 1-1 shows the California and Federal emissions limits estab—

lished for heavy-duty engines of various model years. Due to the variety of

I-1



pispurlg a)oug [BIIPIJ q

*suorsstme oy snid xoz jo ung

pejeindax 0N :UN

CORPORATION

RADIAN

q juatsuRl] 10 0°S A S ST +9766 1
q juaTsuURI] $Z°0 0°'S £°1 6 Sl €661-1661
q jusTsUBIY 9°0 09 €°1 S sl 0661~8861
q uaTsURL], N 1°s €°1 9291 L861-%861
q 3pOR-€ 1 AN 209 0°1 74 £861-0861
q BPOR-€1 UN gL 0°1 94 6L6T-LL6T
q IPOH-ET N _ 201 o€ 9L6T-6L61T
q 9POH-€ 1 N 291 oY #L61-€L61
QMCHOM«HNU
06/s1/02 JuaTeURLY "0 0°¢ €1 G' ST +966 1
06/61/0¢2 jusTsUBI] A 0°¢ €1 66l €66T-T66T
0$/St/02 jusTsuURIY 9°0 0'9 €°1 S ¢l 0661
06/S1/02 juarsueiy 9°0 L°01 €°1 S' Sl 6861-8861
0s/S1/0¢ juaTsuUBIy uN L°01 €°1 66T L861-5861
06/61/07 3POR-€ [ N 20T S°1 14 ¥861-6L61
0$/S1/02 BPOR-€T N R o% 8L6T-%L61
1ex2pod

(¥ ‘¥ead/Bn1/o0y) @anpadorg (T4-dna/3) (2Uzdnd/3) (14-qua/8)  (U-dHd/3)

£3108dQ 3y0US 1893, Wd ON OH 0D

SANIONE TISAIA ALNC-XAVAH Y04 SNOILVINOTY SNOISSIWI VINJOAIIVO ANV TVyIQEd ~°71-T ATEVL

I-2



heavy-duty truck models, equipment options, and duty cycles, it would be
impractical to specify heavy-duty emissions limits in terms of pollution per
unit of distance travelled (e.g. grams/mile), as is done with light-duty
vehicles. For this reason, heavy-duty emissions regulations are written to
apply to the engine, rather than to the vehicle, and are expressed in terms of
units of pollution per unit of work done by the el_'lgine. as measured over a

specified test cycle on an engine dynamometer. Currently, only gaseous emis-

sions and diesel smoke opacity are regulated, but new Federal and California

limits on diesel particulate emissions are scheduled for model year 1988.

Test procedures——The test cycles and other procedures under which

emissions are measured are as important as the numerical emissions limits
shown in Table 1-1. Until recently, gaseous emissions were measured on the
"13-mode" cycle, which involved operating the engine in steady state at nine
different power and speed settings, with intervening periods of idle opera-
tion. This was superseded for diesel engines by the current Federal Heavy-
Duty Transient Test cycle, in which engine speed and load are continually
varied according to a fixed schedule in order to simulate a typical urban
driving pattern. Since diesel HC and particulate emissions can increase
dramatically during engine transients and cold starts, the Heavy-Duty Tran-
sient test procedure is considered to give measurements more representative of

in-uge operation than the old 13-mode cycle.

Diesel smoke opacity is measured in a separste test procedure. This
procedure simulates an acceleration from stop, followed by a gear change and
continued acceleration, followed by "lugging down™ from full engine power to
the maximum torque point. This procedure measures only the occurrence of
offensively high visible smoke levels—-the correlation between the smoke
me asurements and average particulate mass emissions in new engines is poor.
Meeting the new Federal and California particulate standards will require
major reductions in visible smoke, and should result in much lower smoke

levels than those specified in the Federal smoke standards.



Impact of regulations——Of the current gaseous emission limits shown

in Table 1-1, only the California NOx limit has much relevance for diesels.
As the "typical™ emissions values show, diesel engines can easily comply with
the HC and CO limits set, and most Federal engines are certifying NOx levels

well below the applicable standard of 10.7 g/BHP-hr.

Diesel engine designers have- faced a significant challenge in
complying with California's 1988 NOk and particulate standards, however.
While existing engines at the time these standards were adopted could readily
comply with either the 6.0 g/BHP-hr NOx standard or the 0.6 g/BHP-hr particu-—
late standard, the tradeoff relationship between NOx and particulate emissions
required technological advances in order to meet both standards together.
Meeting the 1991 and 1994 emissions standards will require further major
advances in emissions control technology. The prospects for meeting these
standards and the technologies required to do so are the major topics of this

Teport.

Useful life-—For 1988 and subsequent years, EPA and ARB regulations
require that engines must comply with the applicable emission limits over
their EPA-defined "full useful lives."™ Three classes of heavy-duty engines
have been defined for the purpose of useful life determination: light-heavy
duty, with a specified useful 1life of 110,000 miles; medium-heavy duty,
185,000 miles; and heavy-heavy duty, 290,000 miles. These engine classifica-
tions correspond closely to the vehicle classifications discussed above—-
light-heavy engines are typically used in light-heavy vehicles, medium-heavy
engines in medium-heavy vehicles, and so forth. Provisions for in-use audits
to ensure compliance with the useful-life requirements, and possible penalties
and/or recall if the requirements are found not to be met, are also included

in the regulations.

The EPA~defined "useful life" for medium—heavy and heavy-heavy duty
engines is reasonably representative of the mileage to the first overhaul.
There is presently no effective regulation of heavy-duty engine emissions
after overhaul. Since all of the critical emissions-related components on a

heavy—duty engine are rebuilt or replaééd during overhaul, this omission may

I-4



be significant. Engine rebuilding practices that may affect emissions have

been investigated by another ARB contractor (Sierra Research, 1987).

1.2 Purpose and Scope of This Report

This report fulfills the requirements of Task 1, Subtasks A and B of
a joint Radian/Sierra Research project to evaluate the causes and control of
excess motor vehicle emissions in California. This work was performed for the

California Air Resources Board under contract No. A5-188-32.
The specific objectives of this work were the following:

1. Update an earlier study of heavy—duty diesel emissions control
technology prepared by one of the authors (Weaver et al., 1984)
to reflect recent technical dévelopments and trends;

j

2. Evaluate industry progress toward compliance with the 1991 and

1994 emissions standards, and assess related regulatory issues;

and

3. Assess the feasibility of meeting heavy-duty diesel emissions
standards lower than the current 1994 levels of 0.1 g/BHP-hr
particulate matter and 5.0 g/BHP-hr NOx, and estimate the
cogts, cost—effectiveness and lead-time requirements for

compliance.

This report is based on a thorough review of the applicable techni-
cal literature and in-person discussions and confidential written materials
submitted by all major domestic and a number of foreign manufacturers of

heavy-duty diesel engines.
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1.3 Guide to the Remainder of the Report

This report is divided imto eight sectioms, of which this Introduc-
tion is the first. Section Two, following, provides background material on
heavy-duty vehicles and engines, to set the stage for the more technical
discussions which follow. Section Three provides an overview of the current
state of the art in diesel emissions control. Specific elements of emissions
control technology are examined in detail im Sectioms Four (in-cylinder
control technologies), Five (trap—oxidizers), and Six (other aftertreatment
technologies). These sections update the discussiom im Weaver et al. (1984),

to reflect recent progress.

Section Seven discusses several significant regulatory issues which
became apparent during the course of the study. These include diesel fuel
sulfur content, conmcerns with by-passable trap-oxidizers, and the question of
whether the current particulate mass standards are the best way of achieving
ARB's regulatory goals. Potential new NOx and particulate emissions standards
for heavy-duty diesel engines, and the techmology required to achieve them,

are discussed in Section Eight.

1.4 Limitations and Caveats

The conclusions and analysis in this report are based on a thorough
review of the applicable techmical literature, and on numerous confidential
discussions and submissions by engine manufacturers. Much of the analysis is
based on manufacturer's proprietary data. For confidentiality reasonms, this
information can be discussed only in vague and general terms.

The research and development rtesults supplied by the individual
manufacturers are the most up-to-date informatiom available om diesel emis-
sions control, but they may not necessarily be complete. Manufacturers could
conceivably have withheld information omn promising developments (especially if

their outcome is uncertain) either for competitive reasons or in hope of

)
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influencing regulations. While this possibility cannot be completely ruled
out, we consider it unlikely that any significant technologies have been thus
concealed. The large number of manufacturers supplying data and the technical
depth and apparent candor of the manufacturer's discussions would have made it

very difficult to conceal any significant developments,

This report attempts to assess the current "state of the art" of
diesel emigsions control. The reader is cautioned that not all engine manu-
facturers are working at the "state of the art"-—there are leaders and lag-
gards, as in any field. Further, no one manufacturer is employing or has even
tested all of the advanced technologies described here, nor would the imple-
mentation of all of these techﬁéfdgies in a single engine be practical. Our
evaluation of the prospects, problems, and opportunities for emission controls
has thus necessarily involved considerable engineering judgement. Such
judgements are subject to error. For example, similar judgements in the
earlier 1984 report by Weaver and co—workers proved considerably over-conser-—

vative in estimating the extent of in-cylinder emissions control feasgible.

This report considers only heavy—duty diesel-cycle engines fueled
with petroleum middle-distillate ("diesel™) fuel. Lower emission standards
may be feasible through the use of methanol or other alternative fuels in
engines designed for them. At sufficiently low NOx standards, these engines
may become cost-competitive with dJdiesel engines on a life-cycle basis.
Alternative-fuel engines and their potential are beyond the scope of this

report, however.

This report considers only engine emission levels as determined by
the EPA and/or ARB emissions certification process. Experience has shown that
in~-uge emissions from all types of engines, including heavy-duty diesels, are
significantly greater than certification emissions. This results from the
effects of production tolerances in manufacturing; user tampering with
emission-controls; poor, mal-, or non-maintenance; use of poor quality fuel;

and other causes. The effects of tampering and malmaintenance on in-use



emisgions are discussed in another Radian report to the ARB (Weaver and
Klausmeier, 1987a). Some of the implications of in-use deterioration for the
cost—effectiveness of the 1994 particulate standard are addressed in Section

Seven.
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2.0 BACKGROUND foORHATION: HEAVY-DUTY DIESEL VEHICLES AND ENGINES

This Section provides an overview of heavy-duty diesel vehicle
classification, diesel engine technology, and the fundamentals of diesel
pollutant formation and destruction in the engine. It is intended to supply
background information for those previously unfamiliar with the area, and to

establish definitions for the more technical chapters which follow.

2.1 Heavy-Duty Vehicle Characteristics

For regulatory purposes, highway vehicles are divided into two major
classes: light-duty vehicles and heavy-duty vehicles. Light-duty vehicles
include passenger cars and all trucks having a manufacturer's rated gross
" vehicle weight (GVW) less than 8,500 pounds. Trucks and buses with a rated
. GVW of 8,500 pounds or more are classed as heavy-duty vehicles. Light-duty
" yehicles have been subject to increasingly stringent emission-control regula-
tion over the past two decades. Heavy-duty vehicles have only recently begun

to experience a similar level of regulatory interest.

Vehicles classed as "heavy-duty" span an enormous range of sizes and
uses. They range from pickups and vans which are basically uprated versions
of light-duty vehicles to huge tractors towing multiple trailers rated at
150,000 pounds gross combined weight. One commonly used system for classify-
ing these vehicles was developed by the Motor Vehicle Manufacturer's Associa-
tion (MVMA). Classification is om the basis of GVW, and ranges from Class 1
(0-6000 1b GVW) to Class 8 (33,001 1b GW and up). In emissions work, MVMA
Class 2 (6001-10,000 1b GVW) is commonly subdivided into Classes 2a
(6001~8,500 1b) and 2b (8,501-10,000 1b) to separate vehicles classed as light

and heavy-duty by EPA., This classification system is diagrammed in Figure
2_10 ‘

Although it is simple and widely used, the MVMA classification
system does not adequately reflect current heavy-duty vehicle classes. Almost

no vehicles are produced in MVMA classes 3 and 4, for instance, while class 8

I-9
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lumps together many different kinds of heavy trucks, some of which have very
different design—and usage characteristics. Because of these problems, an
alternative classification system-—also shown in Figure 2-l1--has come into
increasing use. In this system, heavy-duty trucks are divided along both size
and functional lines into three classes: light-heavy, medium-heavy, and heavy-
heavy. Because of their unique ownership and operating characteristics,

transit buses are treated separately, as a fourth class.

Light-heavy duty vehicles are mostly large pickups and vans, and
specialty vehicles (such as motor homes) built onm pickup and van chassis. The
engines, production methods, and usage patterns in this class closely resemble
those in light-duty vehicles. Most vehicles in this class are still gasoline
powered. Diesel engines are commanding an increasing share of the market,

however, making this the most rapidly growing class of diesel vehicles.

Medium-heavy duty vehicles include school buses, nearly all single-
unit trucks, and light (so-called "city") truck-tractors. These are trucks
intended mostly for pick-up and delivery, stop-and-go operation in cities
under moderate load. Heavy-heavy duty vehicles, on the other hand, are large,
heavy, and very powerful trucks intended primarily for lomg-distance freight
and heavy hauling applicatioms. Virtually all are heavy tractor/trailer or

truck/trailer combinations.

Trangsit buses fall into the same weight and size classification as
medium-heavy duty vehicles, but their unique operating patterns and areas of
operation result in a disproportionate impact on urban air quality. It has
been estimated (Chock et al.,1984) that buses may account for as much as 40
percent of all diesel particulate matter measured in congested urban areas.
Buses have accordingly been singled out for special attention, both by emis-

sions analysts and by EPA regulations.

Industry structure--The U.S. medium-heavy and heavy-heavy truck

industry is unique. Unlike the producers of light-duty and light-heavy duty
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vehicles, the manufacturers of U.S. medium-heavy and heavy-heavy duty trucks
are largely custom assemblers of major subassemblies produced by others. A
truck purchaser cam typically choose among several engine models from two or
three different manufacturers. One of these manufacturers may or may not be
the same corporation as the truck builder. GMC trucks, for instance, are
commonly offered with Cummins and Caterpillar as well as Detroit Diesel
engines., Cummins and Caterpillar~-the two largest heavy-heavy duty engine
builders--produce no trucks; many of the largest heavy-heavy truck builders
produce no engines. A similar degree of disaggregation exists for truck

transmissions, drive axles, and specialized truck bodies.

2.2 Diesel Engine Technology

Diesel engines used in light-heavy duty vehicles mostly resemble
those used in light-duty trucks. Medium-heavy and heavy-heavy duty engines
and vehicles (including tramsit buses) are distinctly different from light-
duty engines in technology, durability, and usage patterns. Premium features
such as such as turbocharging, aftercooling, and four-valve cylinder heads--
all new in the light-duty market--have been common for some time in heavy-

heavy duty engines.

These engines are also built to higher standards of efficiency and
durability than light-duty or light-heavy duty engines. Thermal efficiencies
exceeding 40 percent (comparable to the best fossil-fuel power plants) are
common in heavy-heavy engines, and engines in normal service may operate from
200,000 to more thanm 400,000 miles before they are worn out. The costs of
these engines reflect these qualities--a medium-heavy duty engime costs $5,000
to $10,000 or more, and a premium heavy-heavy engine may cost more than
$20,000.

In addition to being extremely durable to begin with, many medium-—

heavy and all heavy-heavy engines are designed to be overhauled and rebuilt

easily. Removable cylinder liners are standard on heavy-heavy engines, for
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instance. With propef éare, these engines can be rebuilt and reused indefi-
nitely, and it is not at all unusual for a heavy-heavy truck engine to accumu-
late three rebuilds and more than a million miles during its lifetime. This
has profound implications for in-use emissions, since (depending on the
practices followed) rebuilding the engine may significantly change its emis-

sions characteristics.

Combustion Systems—-Diesel engines used in heavy-duty vehicles use
several different types of combustion systems. The most fundamental differ-
ence is between direct injection (DI) engines and indirect injection (IDI)
engines. Figure 2-2 shows a typical combustion chamber of each type. DI
engines can also be divided into high-swirl and low-swirl (quiescent chamber)

designs.

In an indirect-injection engine, fuel is injected into a separate
"prechamber," where it mixes and partly burms before jetting into the main
combustion chamber above the piston. In the more common direct-injection
engine, fuel is injected directly into a combustion chamber hollowed out of
the top of the piston. Fuel-air mixing in the direct-injection engine is
limited by the fuel injection pressure and any motion imparted to the air in

the chamber as it entered.

In high-swirl DI engines, a strong swirling motion is imparted to
the air entering the combustion chamber by the design of the intake port.
These engines typically use moderate-to—high injection pressures, and three to
five spray holes per nozzle. Low swirl engines rely primarily on the fuel
injection process to supply the mixing. They typically have very high fuel

injection pressures and six to nine spray holes per nozzle.

In the indirect-injection engine, much of the fuel-air mixing is due
to the air swirl induced in the prechamber as air is forced into it during
compression, and to the turbulence induced by the expansion out of the pre-

chamber during combustion. These engines typically have better high-speed
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Figure 2-23. Indirect injectiom.

Figure 2-2b. Direct injection.

Figure 2-2. Diesel Engine Combustion Systems.
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performance than direct-injected engines, and can use cheaper fuel-injection
systems. Historically, IDI diesel engines have also exhibited lower emission
levels than DI engines. With recent developments in DI engine emission con-
trols, however, this is no longer the case. Disadvantages of the IDI engine
are the extra heat and frictional losses due to the prechamber. These result

in a 5-10 percent reduction in fuel efficiemcy compared to a DI engine.

Presently, all light-duty and most light-heavy duty diesels in the
U.S. use IDI engines, but all medium-heavy and heavy-heavy engines are direct-
injected. Most European and Japanese truck engines, and most medium-heavy
U.S. truck engines are of the high swirl type, while most heavy-heavy U.S.
engines are low-swirl designs. A number of advanced, low-emitting and fuel-
efficient high-swirl DI engines have recently been introduced in the light-
heavy duty category as well, so the share of this category held by IDI engines
is likely to decline. Small, low-emitting, high-speed DI engines (of the
high-swirl design) have also been developed for light-duty trucks and passen-

ger cars (Wade et al., 1985).

Fuel Injection Systems--The fuel injection system in a diesel engine
includes the machinery by which the fuel is transferred from the fuel tank to
the engiué, then injected into the cylinders at the right time for optimal
combustion, and in the correct amount to provide the desired power output.
The quality and timing of fuel injection dramatically affect the engine's
power, fuel economy, and emissions characteristics, so that the fuel injection

system is one of the most important components of the engime.

The fuel injection system normally consists of a low pressure pump
to transfer fuel from the tank to the system, one or more high-pressure fuel
pumps to create the pressure pulses that actually send the fuel into the
cylinder, the injection nozzles through which fuel is injected into the
cylinder, and a governor and fuel metering system. These determine how much
fuel is to be injected on each stroke, and thus the power output of the

engine.
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Ed
Three generic types of fuel injection systems are in common use.

These are:

1. Systems with distributor-type fuel pumps, in which a single
pumping element is mechanically switched to commect to high-

pressure fuel lines leading to each cylinder im turn;

2. Systems with unitary fuel pumps having one pumping element per
cylinder, connected to the injectiom nozzle by high-pressure

fuel lines (often called "in-line pumps"); and

3. Systems using unit injectors, in which the individual pumping
element for each cylinder is combined in the same unit with the

injection nozzle, eliminating the high-pressure lines.

Distributor pumps are relatively inexpensive, but they aré limited
in the injection pressures they can achieve. For this reason, they are used
mostly in indirect-injection engines. In-line pumps are capable of much
higher injection pressures. Mack, Navistar, Caterpillar, Ford and nearly all
European and Japanese diesel manufacturers use in-line pumps. Unit in jector
systems are capable of the highest injection pressures (exceeding 25,000 PSI).
They are used in Cummins and Detroit Diesel-Allison (DDA) truck engines, and

in many large off-highway diesels.

Distributor and in-line injection pumps are typically drivem by a
special driveshaft from the engine timing gears. This allows the in jection
timing to be varied by rotating the pump with respect to its driveshaft, using
a sliding helical spline. The pumping elements in unit injector systems are
driven by the engine camshaft, 'in the same way as the intake and exhaust
valves. Until recently, injection timing in unit injector systems has been
fixed by the system geometry (except for the effects of wear). However, both
Cummins and DDA have recently introduced variable injection timing systems for

their engines. These are discussed in Sectiom 4.1.



-

2.3 Diegel Emigsions Fundamentals

Diesel engines emit significant quantities of oxides of nitrogen
(NOx), sulfur oxides (SOx), and particulate matter; and lesser-~but still
significant-—quantities of unburned hydrocarbons (HC). The NOx, HC, and most
of the particulate emissions from diesels are formed during the combustion
process, and can be controlled by appropriate modifications to that  process.
The sulfur oxides, in contrast, are derived directly from sulfur in the fuel,
and the only feasible comntrol technology is to reduce fuel sulfur content.
Most SOx is emitted as gaseous SOZ’ but a small fraction (typically 2-3

percent) occurs as particulate sulfates.

Diesel particulate matter consists mostly of three components: soot
formed during combustion, heavy hydrocarbons condensed or adsorbed on the
soot, and particulate sulfates. In older diesels, soot was typically 40 to 80
percent of the total particulate mass, but developments in in-cylinder emis-
sions control have reduced the soot contribution to particulate emissions
considerably. Most of the remaining particulate mass consists of heavy hydro-
carbons adsorbed or condensed on the soot. This is referred to as the soluble
organic fraction of the particulate matter, or SOF. The SOF is derived partly
from the lubricating oil, partly from unburned fuel, and partly from compounds
formed during combustion. The relative importance of each of these sources 1is

controversial, and varies from engine to engine.

In-cylinder emission control techniques have been most effective in
reducing the soot and fuel-derived SOF components of the particulate matter.
As a result, the relative importance of the lube o0il and sulfate components
has increased. In many of today's development engines, the lubricating oil
accounts for as much as 40 percent of the particulate matter, and the sulfates
may account for another 25 percent. Lube o0il emissions can be reduced by
reducing o0il consumption, but this may adversely affect engine durability.
The only known way to reduce sulfate emissions is to reduce the sulfur content

of diesél fuel.
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The particuiate SOF and gaseous hydrocarbons from diesel engines
include many known or suspected carcinogens and other toxic air contaminants.
These include polynuclear aromatic compounds (PNA) and nitroaromatics, form-
aldehyde and other oxygenated hydrocarbons. These last are also respomsible

for much of the characteristic diesel odor.

NOx/Particulgge Tradeoff-—Diesel particulate and NOx emissions

result from the fundamental nature of the combustion process, making them
especially difficult to control. As opposed to spark-ignition emgines (which
use a more-or-less homogeneous charge) all diesel engines rely on hetero-
geneous combustion. During the compression stroke, a diesel engine compresses
only air. Fuel is injected into the combustion chamber in liquid form near
the top of the compression stroke. The quantity of fuel injected with each
stroke is determined by the engine power output required. After a brief
period known as the ignition delay, the fuel is ignited by the hot air and
burns. In the premixed burning phase, the fuel/air mixture formed during the
ignition delay period burns rapidly. The subsequent rate of burning is
controlled by the rate of mixing between the remaining fuel and air, with
combustion always occurring at the interface between the two. Most of the
fuel burned is burmed in this diffusion burning stage, except umder very light

loads.

The fact that fuel and air must mix before burning meamns that a
substantial amount of excess air is needed to ensure complete combustion of
the fuel within the limited time allowed by the power stroke. Diesel engines,
therefore, operate at overall air-fuel ratios which are considerably lean of
stoichiometric. The air-fuel ratio during a given stroke is determined by the
engine: power requirements, which govern the amount of fuel injected (the
amount of air is more or less constant, except in turbocharged engines). The
minimum air-fuel ratio for complete combustiom is about 21, correspomding to
about 50 percent excess air. This ratio is known as the smoke limit, since
smoke increases dramatically at ratios lower than this. The smoke limit
establishes the maximum amount of fuel that cam be burned per stroke, and thus

the maximum power output of the engine.
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The nature of the diesel combustion process ensures that both NOx
and soot will form. NOx is primarily NO, which is formed at high temperatures
close to the flame front in the presence of excess oxygen. Soot particles, on
the other hand, are formed by the rapid polymerization of acetylene at moder-
ately high temperatures under oxygen-deficient conditions. During diffusion
burning, the local gas composition at the flame front is close to stoichio-
metric, with an oxygen-rich region on one side and a fuel-rich region on the
other. The high temperatures and excess oxygen required for NO formation are
thus always present on one side, and the moderately high temperatures and

excegs fuel required for soot formation are present on the other.

The rate of NO formation in diesels is a function of oxygen avail-
ability, and is exponentially dependent on the flame temperature. In diffu-
sion burning, flame temperature depends only on the heating value of the fuel,
the heat capacity of the reaction products and any inert gases present, and
the starting temperature of the initial mixture. In the premixed burning
stage, the local fuel-air ratio also affects the flame temperature, but this

ratio varies from place to place in the cylinder and is very hard to control.

In the diesel engine, most of the NOx emitted is formed early in the
combustion process, when the piston is still near top—dead—center (TDC). This
is when the temperature and pressure of the charge are greatest. Recent work
by several manufacturers and consultants (Wade et al., 1987; Cartellieri and
Wachter, 1987; mfrs. confidential data) indicates that most of this NOx is
actually formed during the premized burning phase, and that reducing the
amount of fuel burned in this phase can significantly reduce NOx emissions.
NOx can also be reduced by actions which reduce the flame temperature during
combustion. These actions include delaying combustion past TDC, cooling the
air charge going into the cylinder, reducing the air-fuel mixing rate near
TDC, and exhaust gas recirculation (EGR). Since combustion always occurs
under near-stoichiometric conditions, reducing the flame temperature by

"l ean-burn" techniques, as in spark-ignition engines, is impractical.
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Diesel goot is formed only during the diffusion burning phase of
combustion. Most of the soot formed is subsequently burmed during the later
portions of the expansion stroke. Soot oxidation is much slower than soot
formation, however, and the amount of soot oxidized is heavily dependent on
the availability of high temperatures and adéquate oxygen during the later
stages of combustion. Actions which reduce the availability of oxygen (such
as EGR, or operation at low air-fuel ratios), or which reduce the time avail-
able for soot oxidatiom (such as retarding the combustiom timing or reducing

the air-fuel mixing rate) tend to increase soot emissions.

Diesel HC emissions (as well as the unburned-fuel portioms of the
particulate SOF) occur primarily at light loads, as a result of excessive
fuel-air mixing, which results produces a mixture too lean to burn. Other HC
sources include fuel deposited on the combustion chamber walls by the imjec—
tion process, fuel retained in the orifices of the injector which vaporizes
late in combustion, and partly reacted mixture which is subjected to bulk
quenching by too-rapid mixing with air. Advanced injection timing (especially
at light loads and high speeds), higher bulk gas temperatures, and lower
injection pressures tend to reduce HC emissioms; high air swirl rates and high

injection pressures tend to increase them.

It is apparent from the foregoing discussion that there is an
inherent conflict between some of the most powerful diesel NOx control tech-
niques and particulate emissions. This is the basis for the much-discussed
"“"tradeoff" relationship between diesel NOx and particulate emissions. This
"tradeoff" is not absolute-~various NOX control techniques have varying
effects on socot and HC emissions, and the importance of these effects varies
as a function of engine speed and load. These tradeoffs do place limits omn
the extent to which any ome of these pollutants can be reduced, however. To
minimize emissions of all three pollutants simultaneously requires careful
optimization of the fuel injection, fuel-air mixing, and combustion processes

over the full range of engine operating conditiomns.
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Vigible Smoke--Visible smoke is due primarily to the soot component
of diesel particulate matter. Under most operating conditions, the exhaust
plume from a properly adjusted diesel engine is normally invisible, with a
total opacity (absorbance and reflectance) of two percent or less. Visible
smoke emissions from heavy-duty diesels are typically due to operating at
air-fuel ratios at or below the smoke limit, or to poor fuel-air mixing in the
cylinder. Poor mixing may occur during "lug-down"--high-torque operation at
lov engine speeds, since turbocharger boost, air swirl level, and fuel in jec-
tion pressure are typically poorer in these "off-design" conditions. Marginal
air-fuel ratios also occur in full-power operation of mnaturally-aspirated

engines, resulting in some visible smoke under these conditioms.

In turbocharged engines, low air-fuel ratios cam occur during tran-
sient accelerations, since the inertia of the turbocharger rotor means that
the air supply during the first few seconds of a full-power acceleration is
less than the air supply in steady-state operation. To overcome this problem,
turbocharged engines in highway trucks incorporate an acceleration smoke
limiter, which limits the fuel flow to the engine until the turbocharger has
time to respond. The setting on this device must compromise between accelera-
tion performance and low smoke emissions; presently, this compromise normally
permits some visible smoke. The particulate reductions required to comply
with the 1991 emissions standards are expected to essentially eliminate

vigible smoke emissions from properly functioning engines.
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3.0 HEAVY-DUTY DIESEL EMISSIONS CONTROL: THE STATE OF THE ART

Under intense regulatory and market pressures, the techmology for
diesel emissions control has progressed rapidly in the 1980s. A recent report
by one of the authors and others (Weaver et al., 1984) surveyed the then-
current state of the art, but is already seriously out-of-date. The goal of
this project was to update that previous report to reflect techmnical devel-
opments since 1984. This section summarizes the most significant such develop-
ments, and provides an overview of the state of the art of diesel emissions

control in 1987.

In the course of this project, Radian staff met with representatives
of every major U.S. manufacturer of heavy-duty diesel truck and bus engines to
discuss the results of their R§D efforts and their progress toward compliance
with the 1991 and 1994 emissions standards. Meetings were also held with most
non-U.S. manufacturers selling heavy-duty diesel engines for on-highway use in
the U.S. Further information was provided in confidential written materials
submitted by nearly all manufacturers, in response to a Radian questionnaire.
A copy of this questionaire is given in the Appendix. These data were supple-
mented by an intemsive review of the applicable techmical literature, including
publications of the Society of Automotive Engineers (SAE), Federation Interna-
tionale des Societies des Ingenieurs de 1'Automobile (FISITA), and other
technical societies, EPA rulemaking dockets, and past technical reports by the

authors and others.

Diesel engine emissions of NOx, PM, and HC can be reduced by careful-
ly tailoring the air induction, fuel injection, fuel-air mixing, and other
elements of the combustion process. This in-cylinder emissions control is
limited by the tradeoffs discussed in Section Two. Diesel emissions can also
be reduced through aftertreatment--physical or chemical treatment of the
exhaust gases after they leave the cylinder. Table 3-1 lists the significant
emission control technologies in use or under development in each of these

categories.
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TABLE 3-1. TECHNIQUES FOR DIESEL ENGINE EMISSIONS CONTROL

IN-CYLINDER CONTROLS

Fuel Injection System
Low sac/zero sac nozzles
Retarded (fixed) injection timing
Variable injection timing
High injection pressure
Transient smoke limiter
Governor curve shaping
Electronic fuel rate control
Electronic injection timing control
Reduced initial rate of injection
Variable fuel injection rate

Air charging system

Turbocharging
Intercooling

Jacket Water

Air—air

Low flow air-water

Separate circuit air-water
Low—inertia turbocharger
Variable geometry turbocharger
Externally-driven turbocharger
Turbocompound engine
Mechanical supercharger
Gas—dynamic supercharger

Combustion Chamber
Reduced c¢crevice volume
Optimized compression ratio
Optimized air swirl ratio
Variable air swirl ratio
Re-entrant bowl combustion chamber
Heat insulation
Indirect injection
Air cell

Reduced Qil Consumption

Exhaust Gas Recirculation

Continued
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TABLE 3-1 (Continued)

AFTERTREATMENT CONTROLS

Trap—oxidizer Systems
Traps
Cellular cordierite ceramic monolith
Cellular mullite fiber trap
Ceramic foam
Conductive SiC monolith
Woven silica-fiber "candle"™ trap
Precious metal catalyzed wire-mesh trap

Regeneration Techniques
Diesel fuel burner/bypass
Electric heater/bypass
Exhaust temperature increase
Catalyzed trap
Catalytic fuel additives
Catalyst injection in exhaust
Reverse flow/recycling

Catalytic Converters
Cellular monolith
Pellet-type

Electrostatic Precipitator/agglomerator

Selective Catalytic Reduction

RapReNox Process
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The last few years have seen tremendous progress in the control of
diesel engine emissions in the cylinder. As a result, it now appears likely
that many engines, especially in the heavy-heavy class, may be able to comply
with the "trap—forcing™ 1991 emissions standards by in-cylinder means alone.
If certification testing were conducted with low-sulfur fuel, most heavy—duty
diesel engines would be able to meet the 1991 standards without the use of a
trap, although some would require the use of a catalytic converter or other
non-trap technique to reduce particulate emissions. These advances have also
brought the 1994 particulate standards of 0.1 g/BHP-hr within the range of

possibility, given an efficient trap and low-sulfur fuel,

In-cylinder emissions control-—Recent progress in in—cylinder emis—

sions control has been made possible, in large part, by improved understanding
of the diesel combustion process, and of the factors affecting pollutant
formation and destruction. Pollutant formation and destruction in the cylinder
are determined by the specific course of the diesel combustion process.
Modifying this process to minimize pollutionm involves a complex multi-dimen-—
sional tradeoff between NO_, HC, and PM emissions, fuel econecmy, power output,
smoke, cold-start ability, cost, and many other considerations. These changes
go to the heart of diesel engine design, and they have the potential either to
dramatically enhance or dramatically degrade an engine's performance relative
to its competitors. As a result, engine manufacturers have devoted the bulk of

their research and development rescurces to this area.

Most engine manufacturers have followed a broadly similar approach to
in-cylinder control, although the specific techniques used differ considerably
from one manufacturer to the next. This typical approach to in—cylinder

emissiens control includes the following major elements.
¢ Minimize parasitic HC and PM emissions (those mnot directly

related to the combustion process) by minimizing nozzle sac

volume and reducing oil consumption to the extent possible.
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Reduce 'PM emissions at constant NOx by refining the turbo-
charger/engine match and improving engine "breathing™ character—
istics, Many manufacturers are also experimenting with vari-
able~-geometry turbochargers to improve the turbocharger match

over a wider speed range.

Reduce PM and NOx (with some penalty in HC) by cooling the com-
pressed charge air as much as possible, via air—air or low—

temperature air-water aftercoolers.

Further reduce NOx to meet regulatory targets by severely
retarding fuel injection timing over most of the speed/load
range., Minimize the adverse effects of retarded timing on
smoke, starting, and light-load HC emissions via a flexible

timing system to advance the timing under these conditions.

Recover the PM increase due to retarded timing by increasing the

fuel injection pressure and injection rate.

Improve air utilization (and reduce PM emissions) by minimizing
parasitic volumes such as piston/cylinder head clearance and

piston top land volume,

Optimize in-cylinder air motion through changes in combustion
chamber geometry and intake air swirl to provide adequate mixing
at low speeds (to minimize smoke and PM) without over—rapid

mixing at high speeds (which would increase HC and NOx).

Control smoke and particulate emissions in full-power operation
and transient accelerations through improved governor curve
shaping and transient smoke limiting (generally through elec-

tronic governor controls).
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In addition to these generally used approached, a number of other
promising in—cylinder control techniques are under development by various
manufacturers. These include variable air swirl devices for improved control
of in-cylinder air motion over a range of speeds; fuel injection pumps with
electronical control of the fuel injection rate; proprietary technology to
minimize the initial fuel injection rate, thus reducing premixed burning and
NOx emissions; and innovative supercharging technologies to minimize or elimi-
nate turbocharger lag. Turbocompound engines, which are being developed
primarily for fuel economy reasons, will also help reduce emissions somewhat
through increased engine efficiency.

It is striking that most of the in—cylinder emission reductions
attained to date have come from painstaking optimization and incremental
improvements to engine design, rather than from the application of major new
technologies. Technologiés such as electronic timing control and governing
have played a fgirly minor role in reducing emissions to date, although they
have certainly helped to offset some of the deleterious effects of emissions

control on engine performance.

Several technologies are also conspicuously absent from the list of
those under development, due to their adverse effects on fuel economy or
durability. The most significant of these are exhaust gas recirculation (EGR)
and indirect iqjection. Properly modulated, EGR can significantly reduce NOx
emissions with a minimal increase in PM, 0il contamination and engine wear
rates are increased by EGR, however, and manufacturers have been strongly
resistant to its use. While relatively low in emissions, IDI engines are 5-10
percent less fuel efficient than DI engines, and are expected to lose market

share as a result.

Aftertreatment control technologies-Potential exhaust aftertreatment

technologies include trap—oxidizers, flow—through catalytic converters, and
electrostatic precipitator/agglomerators. All of these would affect primarily
particulate and HC emissions. Due to the oxidizing nature of diesel exhaust,

aftertreatment techniques for NOx require that a separate reducing agent be
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supplied. Despite considerable publicity given to one such system, this

approach is considered infeasible for general application in vehicles.

Most of the research and development activity in diesel aftertreat-
ment involves trap-oxidizers. A trap-—oxidizer system consists of a durable
particulate filter in the exhaust (the "trap"), along with some means of
regenerating the filter by burning off (Moxidizing™) the collected particulate
matter. Development activity is concentrated on the "oxidizer™ portion of the

system, as suitable filter media have been available for some time.

Progress in trap-oxidizer development has been slower than antici-
pated. This is at least partly due to the limited resocurces being devoted to
trap-oxidizer R&D. Most engine manufacturers are apparently pursuing a stra-
tegy of meeting the 1991 emissions standards by in-cylinder means alone, with
trap-oxidizer development pursued only as 8 backup strategy and for meeting the
1994 standards. Trap-oxidizer development is thus "on the back burner" until

the success or failure of the in-cylinder control strategy is determined.

Most of the manufacturers pursuing this strategy have chosen bypass—
type trap—oxidizer systems using a cellular ceramic monolith trap and an
electric heater or a diesel fuel burner as their primary development focus.
This choice presents little technological risk, but the resulting trap-oxidizer
systems are likely to be expensive and may not be reliable. Most of the
manufacturers in this group are just arriving at the initial field testing
stage in 1987; few have accumulated any significant operating time with traps

on trucks in the field.

A few manufacturers appear to have devoted major efforts to trap—oxi-
dizer system development. Foremost among these is Daimler-Benz, which has
placed 50 prototype traps on buses operating in West Germany (Hardenberg,
1987), One other U.S. engine manufacturer has also devoted considerable effort
to trap-oxidizer development, and has successfully accumulated more than

123,000 miles on a prototype system. The Daimler-Benz system uses a ceramic
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fiber coil trap, regenerated by injecting a catalyst solution into the exhaust.
The U.S. manufacturer is using a catalyst-coated ceramic monolith, regenerated
by modifying engine operating conditions. This approach is potentially much

less costly and more reliable than the bypass/heater approach.

The success of in-cylinder particulate control efforts has led
several manufacturers to investigate the feasibility of flow-through catalytic
converters for reducing particulate emissions. Given the low engine-cut
particulate levels seen on current development engines, and the high organic
content of the particulate matter, the use of a catalytic converter now appears
as a possibly viable approach. By oxidizing much of the particulate SOF, a
catalytic converter could reduce particulate emissions by 25 to 35 percent,
which would be enough to meet the 1991 standard. A catalytic converter system
would be much simpler and less expensive than a trap-ozidizer, since the
flow-through design of the catalytic converter avoids the problem of regenmera-
tion. The major drawback to the catalytic converter approach is sulfate

production—they would probably be feasible only with low—sulfur fuel.
Some researchers are also experimenting with electrostatic systems
for particulate control; either alone or as part of an agglomerator/collector

system. These efforts are still in the preliminary development stages.

Other issues——In the course of our research and discussions with

diesel manufacturers, a number of regulatory issues surfaced which are related
to the 1991 and 1994 emissions standards. These issues include diesel fuel
sulfur and aromatic content, the desirability of reducing diesel HC and SOF
emissions through an oxidation catalyst, and the related question of whether
the 1994 particulate standard represents the best and most cost-effective means

of achieving environmental goals. These issues are discussed in Section Seven,



Lower NO standards—There is presently no demonstrated technology
for achieving hea;y—duty diesel NOx emissions levels less than about 4.5
g/BHP-hr without significant adverse effects on fuel economy and particulate
emissions. There is some possibility that NOx levels as low as 3.0 g/BHP-hr or
lower might be achievable in the future, through the use of modulated EGR and
reductions in premixed burning. These technologies will not be available
before 1994 at the earliest, and government sponsorship of EGR research may be

required. It is recommended that this issue be re-examined in about 1990.
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4.0 PROGRESS IN IN-CYLINDER EMISSIONS CONTROL

The current state of the art in in-cylinder emissions control tech-
nology was briefly summarized in Section Three. This section provides a more
detailed look at the individual technologies involved, focussing on significant

recent developments in this area.

Diesel engine emissions are determined by the combustion process.
This process is central to the operation of the diesel engine. Virtually every
characteristic of the engine affects combustion in some way, and thus has some
direct or indirect effect on emissions. As a result, the number of potential
emigsion control techniques is very large. Synergism is also important--due to
the interaction between different techniques, the effects of two or more
techniques in combination may be greater or less than the sum of the effects of
each one alone. To further complicate matters, the effects of changing any
given characteristic may be different under different engine operating condi-

tions.

The Heavy-Duty Transient Test Procedure involves engine operation
over a wide range of engine speeds and loads, including idle and motoring (in
which the engine is driven by the dynamometer, simulating engine braking in a
vehicle). Different operating modes may differ greatly in their contribution
to the overall emissions of different pollutants. Figures 4-1 through 4-3 are
"maps" of total transient-cycle emissions as functions of speed and load for
one heavy-duty diesel engine. Key features of these maps include the signifi-
cant contribution of idle and light-load operatiom to total HC emissions, and

the dominant effect of high-speed, part-to-full load operation on PM and NOx

The fact that PM and NOx are largely produced in the same operating modes
limits the potential for reducing by "trading off" emissions in different

modes.
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Figure 4-1. Integrated NOx emissions from a heavy duty DI
engine over the transient test cycle.
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Figure 4-2. Integrated HC emissions from a heavy duty DI
) engine over the transient test cycle.
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Figure 4-3. Integrated particulate emissions from a heavy duty
DI engine over the transient test cycle.
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4,1 Technology for In-Cylinder Emissions Control

Diesel combustion, and thus diesel emissions, are determined by the
mixing of injected fuel and air in the combustion chamber. The engine systems
which determine the rate, timing, and extent of this mixing and the amounts of
air and fuel present thus largely determine the emission levels of the engine.
The design of the fuel injection system, the air charging system, and the
combustion chamber itself thus Play major roles in in-cylinder control of
diesel emissions. Most of the diesel emission control techniques now available
or under development are concerned with modifications to one or more of these

systems. These techniques are discussed in Sections 4.1.1 through 4.1.3 below.

Other approaches to diesel emission control include modlfylng the
composition of the the air charge (e.g. by exhaust gas recirculation) or the
fuel itself, and reducing lube-oil emissiong by curbing oil consumption. Fuel
modifications have been addressed extensively elsewhere (Weaver et al., 1985),
and are briefly treated in Section Seven. Exhaust gas recirculation is dis-

cussed in Section 4.1.4 below, and oil consumption is treated in section 4.1.5.

4.1.1 Fuel Injection System

Key developments in fuel injection systems have been increased
injection pressure, increasingly flexible control of injection timing, and more
precise governing of the fuel quantity injected. Systems offering electronic
control of fuel injection rate have also been introduced. Some manufacturers
(as well as the consulting firm AVL) are also pursuing technology to reduce the
amount of fuel burning in the premixed combustion phase to reduce noise and NO
em1531ons. Other changes have been made to the injection nozzles themselvesr
to reduce or eliminate sac volume and to optimize the nozzle hole size, number

of holes, and spray angle for minimum emissions.

JInjection timing and governor controls—-The effects of injection

timing retardation vary with engine speed, load, and temperature. The optimal

injection timing for a given set of emissions limits is thus a function of
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speed, load, and temperature as well. Many (but not all) engine manufacturers
presently use mechanical systems to vary injection timing as a function of
speed or load, but these systems have limited flexibility. In recent years, a
number of microprocessor-controlled electromechanical fuel injection systems
have been developed, and light-heavy and medium-heavy engines using such

systems have been in production for several years.

The first heavy-heavy duty engines to utilize electronic timing
control were the "DDECS" 8V-92 and Series 60 engines produced by Detroit
Diesel-Allison (DDA) (Hames et al., 1985). Other manufacturers are following
suit, however: Caterpillar has announced the limited availability of its PEEC
system (Moncelle and Fortune, 1985) beginning in mid-1987. Virtually all
manufacturers are developing such systems (or adapting vendor-supplied systems)

in preparation for meeting the 1991 emigsions standards.

By continuously adjusting the fuel injection timing to match a
stored "map" of optimal timing vs. speed and load, an electromic timing control
system can significantly improve on the NOx/particulate and NOx/fuel—ecouomy
tradeoffs possible with static or mechanically-variable injection timing. Most
electronic control systems also incorporate the fumctions of the engine gover-—
por and the transient smoke limiter. This helps to reduce excess particulate
emissions due to mechanical friction and lag-time during engine tramsients,
while simultaneously improving engine performance. The potential emissions
reductions with this approach have been documented by Wade and coworkers
(1983). Other electronic control features, such as cruise ;ontrol, upshift
indication, and communication with an electronically-controlled transmission
may also help to reduce fuel consumption and emissions levels, but these would

not be reflected in the result of the Heavy Duty Transient Test.

Fuel injection pressure and injection rate--High fuel injection

pressures are desirable in order improve fuel atomization and fuel-air mixing,
and to offset the effects of retarded injection timing by increasing the

injection rate. A number of manufacturers provided us with plots of PM and/or
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smoke emissions vs. injection pressure, and all showed marked reductions as
injection pressure was increased. High injection pressures are most important
in low swirl DI engines, since the fuel injection system is respomsible for
most of the fuel-air mixing in these systems. For this reason, low swirl

engines tend to use unit injector systems.

The injection pressures achievable in pump-line-nozzle fuel injection
systems are limited by the mechanical strength of the pumps and fuel lines, as
well as by pressure wave effects. Improvements in system design to minimize
pressure wave effects, and increases in the size and mechanical strength of the
lines and pumping elements have increased the injection pressures achievable in
pump-line nozzle systems substantially. It now appears that a point of dimin-
ishing returns may have been reached in this area-—further increases in injec~-

tion pressure in some experimental systems have not greatly improved emissions.

The pumping elements in all current fuel injection systems are driven
through fixed mechanical linkage from the engine crankshaft. This means that
the pumping rate, and thus the injection pressure, are strong functions of
engine speed. At high speeds, the pumping element moves rapidly, and injection
pressures and injection rates are high. At lower speeds, however, the injec-
tion rate is proportionately lower, and injection pressure drops off rapidly.
This can result in poor atomization and mixing at low speeds, and is a major
cause of high smoke emissions during lugdown. Increasing the pumping rate to
provide adequate pressure at low speeds is impractical, as this would exceed

the system pressure limits at high speed.

A nev type of in-line injection pump has recently been developed
which provides a partial solutionm to this problem (Ishida et al., 1986). The
cam driving the pumping elements in this pump has a non-uniform rise rate, so
that pumping rate at any givem time is a function of the cam angle. By elec-
tronically adjusting a spill sleeve, it is possible to select the portiom of
the cgm's rotation during which fuel is injected, and thus to vary the injec-

tion rate. Injection timing varies at the same time, but the system is de-
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signed so that desired injection rate and injection timing correspond fairly
well. Ighida and coworkers obtained a 25 percent reduction in PM emissions and
a 10 percent reduction in HC using this system, with virtwally no increase in
NOx.

The electronically variable injection rate technology has been
developed primarily in Japan, and 1is being comsidered by several Japamese
manufacturers. No U.S. manufacturers indicated that they were comsidering this
system. It is worth noting that the same approach could easily be applied to a
unit injector system using an electronically controlied spiil valve, such as
the Detroit-Diesel Allison DDECS system. Several other U.S. manufacturers are
considering similar systems, so the variable-rate technology could readily be

adapted if it were found desirable.

Initial injection rate and premixed burning--Recent work at Ford
(Wade et al., 1987) and elsewhere has shown that a large fractiom of the total
NOx formed is formed during the premixed combustion phase. This suggests that
steps to reduce the amount of fuel burned in premixed combustiomn could signifi-
cantly reduce total NOx emissions. This could be achieved by reducing the
initial rate of injection (RIRI). The overall rate of injection would need to
be kept high, however, to avcid high PM emissions due to late burning. This
requires varying the rate of injection during the injection stroke--a difficult

mechanical problem.

Data from single—cylinder engine tests of a proprietary techmology
employing this approach were provided by one manufacturer. These data showed a
nearly linear correlation between the amount of fuel injected prior to ignitiom
and Noi emissions. Using an (unspecified) proprietary technology, this manu-
facturer was able to reduce the initial fuel injection rate more than 60
percent, which resulted in more than a 50 percent reductiom in NOx emissions.
This was achieved without significant adverse impacts on fuel comsumption, HC,
or PM emissions. As a side benefit, engine noise and maximum cylinder pres-
sures were reduced as well. The manufacturer is now attempting to apply this

technology to multicylinder engines, with a view to deployment by 1991.
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Low sac/gacless nozzles--The nozzle sac is a small internal space in

the tip of the injection nozzle. The nozzle orifices open into the sac, so
that fuel flowing past the needle valve first enters the sac, and then sprays
out the orifices. The small amount of fuel remaining in the sac tends to burn
or evaporate late in the combustion cycle, resulting in significant PM and HC
emissions. The sac volume can be minimized or even eliminated by redesigning
the injector nozzle. One manufacturer reported nearly a 30 percent reduction
in PM emissions through elimination of the nozzle sac. Fuel consumption was

increased slightly, however.

Other problems such as inconsistent spray patterns and combustion gas
intrusion into the injector have also been reported with sacless nozzles (Andoh
and Shiraishi, 1986). These could possibly lead to an increased tendency

toward nozzle deposits, and possibly higher deterioration factors in use.
4,1.2 Air Charging System

Increasing the air mass in the cylinder and reducing its temperature
can reduce both NOx and particulate emissions, as well as permitting greater
fuel economy and more power output from a given engine displacement. Most
heavy-duty diesel engines are presently equipped with turbochargers, and most
of these have intercoolers. Virtually all engines will be equipped with these
systems by 1991. Recent developments in air charging systems for diesel
engines have been primarily concerned with increasing the turbocharger effi-
ciency, operating range, and transient response characteristics; and with
improved intercoolers to further reduce the temperature of the intake charge.
Tuned intake air manifolds (including some with variable tuning) have also been
developéd, to maximize air intake efficiency in a given speed range. Turbo-
compound engines for line-haul trucks are also under development by several
manufacturers: these will reduce emissions somewhat through improved fuel

efficiency, and may also offer advantages for tramnsient response.
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Turbocharger refinements—-Turbochargers for heavy-duty diesel engines

are already highly developed, but efforts to improve their performance con-
tinue. The major areas of emphasis are improved matching of turbocharger
response characteristics to engine requirements, improved transient respomnse,
and higher efficiencies. Engine/turbocharger matching is especially critical,
because of the inherent conflict between the response charactistics of the two
types of machines. Engine boost pressure requirements are greatest near the
maximum torque speed, and most turbochargers are matched to give near—optimal
performance at that point. At higher speeds, however, the exhaust flowrate is
greater, and the turbine power output is correspondingly higher. Boost pres—
sure under these circumstances can exceed the engine's design limits, and the
excessive turbine backpressure increases fuel consumption. Thus, some compro-
mise between adequate low-speed boost and excessive high-speed boost must be

made.

Variable geometry turbochargers—-Because of the inherent mismatch

between engine response characteristics and those of a fixed-geometry turbo-
charger, a number of engine manufacturers are consider the use of wvariable
geometry turbines instead (Wallace et al., 1986). In these systems, the
turbine nozzles can be adjusted to vary the turbine pressure drop and power
level in order to match the engine's boost pressure requirements. Thus, high
boost pressures can be achieved at low engine speeds, without wasteful over-
boosting at high speed. The result is a substantial improvement in low-speed
torque, transient response, and fuel economy, and a reduction in smoke, NOX,

and PM emissions.

Prototype variable geometry turbochargers have been available for
some time, but they have not been used in production vehicles up to this point.
The major reason for this is their cost, which could be as much as $1,000 more
than a comparable fixed-geometry turbocharger. The need for a sophisticated
electronic control system and concerns for the system's reliability have also
deterred their use to date. With the forthcoming deployment of electronic

engine controls on virtually all vehicles, these latter arguments have lost
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much of their force, and the fuel economy and performance advantages of the VGT
are great enough to outweigh the costs in many applications. As a result,
variable geometry turbochargers should be available on a number of production

heavy-duty diesel engines in the relatively near future.

Other types of superchargers——A number of alternative forms of

supercharging have been considered, with a view to overcoming the mismatch
between turbocharger and engine response characteristics. The two 1leading
candidates at present are the Brown-Bovari Comprex (tm) gas—dynamic super-
charger, and mechanically-assisted turbochargers such as the "three-wheel"
turbocharger developed by GM. The major advantages of these systems are
superior low-speed performance and improved transient response. These advan-
tages would be expected to yield some improvement in PM emissions, as well as
driveability and torque rise. None of the manufacturers contacted reported any

significant development efforts in this area, however.

Intercoolers—-Most heavy-duty diesel manufacturers have either

implemented low-temperature intercoolers already, or will implement them in
time to comply with the 1988 emissions standards. The lowest charge air
temperatures can be attained with air to air intercoolers, and these have been
selected by the great majority of manufacturers. The major exception is
Cumming, which has chosen to retain the basic water—air intercooler, but with

drastically reduced radiator flowrates to reduce the water temperature.

Intake manifold tuning——Tuned intake manifolds have been used for

many yvears to enhance airflow rates on high-performance gasoline engines, and
are being considered for some heavy—-duty diesel engines. A tuned manifold
provideé improved airflow and volumetric efficiency at speeds near its resonant
frequency, at the cost of reduced volumetric efficiency at other speeds. At
least one medium~heavy duty manufacturer is considering a variable-resonance
manifold, in order to improve airflow characteristics at both low and high

speeds.
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Turbocompound engines--Several manufacturers are developing turbo-
compound engines for use in line-haul trucks (Holtmam, 1987). The primary
advantage of these engines is their increased fuel efficiency, due to their
ability to extract work from some of the waste exhaust heat. Other things
being equal, this should result in a small corresponding decrease in emissions.
Another possible emissions-related advantage would be the potential to bypass
the power recovery turbine at low engine speeds, thus increasing the pressure
drop across the compressor turbine and thus providing more power to the com—
pressor. This should markedly improve low-speed smoke emissions and transient

response.

4,1.3 Combusgtion Chamber

Changes in the engine combustion chamber and related areas have
demonstrated a major potential for emission control. Design changes to reduce
the crevice volume in DI diesel cylinders increase the amount of air available
in the combustion chamber. Changes in combustion chamber geometry--such as the
use of a reentrant lip om the piston bowl-—can markedly reduce emissions by
improving air-fuel mixing and minimizing wall impingement by the fuel jet.
Changing the compression ratio can have a marked effect on HC and PM emissions.
Optimizing the intake port shape for best swirl characteristics has also
yielded significant benefits. Several firms are comsidering variable swirl
intake ports, to optimize swirl characteristics across a broader range of
engine speeds. Ceramic components to reduce heat loss and protect critical
parts from overheating are begimning to come into use, although the day of the

"adiabatic™ diesel engine has not yet come.

. In addition to the common DI combustion systems, indirect-injection
engines are still quite significant in the light-heavy duty market, although
their continuing competitiveness beyond 1991 is questiomable. Finally, air
cells (small air chambers connmected to the main combustion chamber by a narrow
throat) have demonstrated significant particulate reductions imn both DI and IDY

engines.
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Crevice volume--The crevice volume is that part of the compression
volume which lies outside the combustion chamber. This inecluded the clearance
between the top of the piston and the cylinder head, and the "top land"--the
space between the side of the piston and the cylinder wall above the top
compression ring. The air in these volumes contributes little to the combus-
tion process. The smaller the crevice volume, the larger the combustion
chamber volume can be for a given compression ratio. Thus, reducing the
crevice volume effectively increases the amount of air available for combus-

tion.

The ma jor approaches to reducing the crevice volume are to reduce the
clearance between the piston and cylinder head through tighter production
tolerances, and to move the top compression ring toward the top of the piston.
This increases the working temperature of the top ring, and poses mechanical
design problems for the piston top as well, but these problems have been
'addressed through redesign and the use of more expensive materials. The higher

piston ring temperature also may also make additional demands on the oil.

Combustion chamber shape--Numerous test results indicate that, for
high swirl DI engines, a reentrant combustion chamber shape (in which the lip
of the combustion chamber protrudes beyond the walls of the bowl) provides a
substantial improvement in performance and emissions over the previous
straight-sided bowl designs. Researchers at AVL (Cartellieri and Wachter,
1987) found that the use of a reentrant bowl gave a 20 percent reduction in PM
emissions from those measured with a straight-sided bowl at the same compres-
sion ratio. N0x emigsions were increased 3 percent, but the reentrant bowl
combustion chamber is also more tolerant of retarded injection timing than the

straight-sided bowl.

Because of the superiority of the reentrant bowl design for high-
swirl engines, nearly all of the manufacturers of such engines are developing
or already using this approach. Similar improvements in the performance of

low-swirl DI engines may also be possible through modifications to combustion
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chamber geometry, but there is much less unanimity as to what the optimal shape
may be. A number of different variations on the classic "mexican hat" com=

bustion chamber shape have beem tried, with some success.

Compression ratio--Most heavy-duty DI diesel engines presently have
compression ratios in the range of 15 to 18, which bas been found to give the
optimal tradeoff between fuel economy and cold start ability. Higher compres-
sion ratios in the 19-20 range have been found to reduce HC and SOF emissions,
and to increase the degree of injection timing retardation that can be toler-
ated without misfiring. Soot emissions tend to increase somewhat at higher
compression ratios, since a larger fraction of the trapped air is then comn-
tained in the crevice volume. This effect can be minimized by minimizing

crevice volumes, as discussed above.

Intake air swirl--Optimal matching of intake air swirl ratio with

combustion chamber shape and other variables is critical for emissions control
in high-swirl engines. The swirl ratio is the ratio of the rotational speed of
the air charge in the cylinder to the rotational speed of the engine, which is
determined by the design of the air intake port. Unfortunately, the selection
of a fixed swirl ratio involves some tradeoffs between low-speed and high-speed
performance. At low speeds, a higher swirl ratio provides better mixing,
improving maximum torque and reducing smoke. However, this can result in too
high a swirl ratio at higher speeds, impairing the airflow to the cylinder.
Too high a swirl ratio cam also increase HC emissions, especially at light

loads.

Attaining an optimal swirl ratio is most difficult in smaller light-
heavy and medium-heavy DI engines, as these experience a wider range of engine
speeds than do heavy-heavy engines. Omne solution to this problem is to vary
the swirl ratio as a function of engine speed. A two-positiom variable swirl
system has been developed and applied to some diesel engines in Japan (Shimada
et al, 1986). This system is being comsidered for engines used in the U.S. as
well. Test data using this system show a marked effect on FM and NOx emissicns

due to changes in the swirl ratio.
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Heat insulation--Considerable effort is being devoted to the devel-
opment of low heat rejection diesel engines. The major benefit of such engines
would be the elimination of the eﬁgine cooling system, with its attendant power
losses and reliability problems. Little information is available to assess the
emissions impact of such engines, and the information which is available is
contradictory. Overall, it appears that the technology of low heat rejection
engines is too immature for any judgement to .be made concerning its emission

effects.

Indirect injection--Until recently, IDI engines were characterized by
significantly lower NOx and PM emissions than DI engines. Advances in DI
engine technology have reduced this advantage, however, and it appears that DI
engines now have the advantage in PM emissions. IDI engines retain some
advantages in noise, volumetric power, and NOx emissions, but suffer from
higher fuel consumption and heat rejection rates. All light-duty and most
light~heavy duty diesel engines im the U.S. at present are IDI models, but: the

trend is clearly toward small DI engines in the light-heavy duty class.

Air cells~-An air cell is a small chamber connected to the main
combustion chamber of the diesel engine by a narrow throat. It fills with
high-pressufe air during the compression stroke, then releases this air during
the expansion stroke in a high-velocity jet. The increased oxygen supply and
turbulence during the expansion stroke result in greater oxidation of the
particulate material. A 41 percent reduction in FTP particulate emissions from
an IDI engine has been reported (Wade et al., 1984). This was attained at the

cost of a 3 percent increase in fuel consumption and NOx emissions.

Although the air cell provided a significant improvement in PM
emissions in this case, it is uncertain whether a similar improvement would be
possible in a fully optimized engine. Air cells do not appear to be an area of
active development--none of the manufacturers contacted mentioned amy work in

this area.
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4.1.4 Exhsust Gas Recirculation

EGR is a tiﬁe-proven NOx control technique for light-duty gasoline
and diesel vehicles, but has been little used in heavy-duty diesel engines. In
heavy-duty diesel engines, EGR has been shown to increase wear rates and oil
contamination, resulting in higher maintenance expenses and shorter engime life
(Cadman and Johnson, 1986). For this reason, engine manufacturers have avoided
using EGR, and little research on its effects has been performed. In the past,
a few California-model medium-heavy engines used EGR to meet the Califormia NOx
standard. Considerable adverse experience with these engines has reinforced

the existing prejudice against EGR use in heavy-duty diesels.

Another reason for avoiding EGR is that is was considered to have
little advantage over other NOx control techmiques such as retarding inmjection
timing, at least in DI engines. Yu and Shahed (1981) found little difference
in the NOx/smoke tradeoff curves for EGR and for injection timing. EGR has a
lesser impact on fuel economy than retarded timing (moderate EGR actually
improves fuel ecomomy slightly), but this has been outweighed by its adverse
effects on durability. Only two of the manufactu?ers contacted in this study

even mentioned EGR in their discussions of emission coantrol techmiques.

Some recent research results suggest that a re-evaluation of this
technique may be in order, however. This research indicates that properly
modulated EGR does not necessarily increase PM emissions significantly, even
though NOx may be dramatically reduced. EGR often (but not always) increases
soot emissions, but gaseous HC and particulate SOF are generally reduced. In
some cases, soot emissions may be reduced by EGR as well (Shiga et al., 1985).
The effect of EGR on overall PM emissions may thus be positive or negative,

depending om the specific operating mode.
An excellent example of EGR's potential as an emission control

technique comes from some work performed at Ford (Wade et al., 1985). The Ford

researchers developed three small prototype high-speed DI diesel engines
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suitable for passenger car service. The overall combustion systems in these
engines closely resembled those of many small-bore, high-swirl light-heavy and
medium-heavy duty engines which are now coming into use. The engines were
extensively optimized for minimum emissions, with features such as reentrant
bowl combustion chambers, tuned intake manifolds, and optimized compression

ratios.

EGR rates applied to these engines ranged from 52 percent at idle
down to zero at 75 percent load. The EGR schedules were selected on the basis
of engine mapping tests to optimize fuel consumption while meeting the particu-
late requirements. As a result of the EGR application, Nox emissions from the
largest of the three engines were reduced more than 50 percent, from 4.8
g/BHP-hr to less tham 2.0 g/BHP-hr, measured on an engiﬁe test cycle simulating
the Federal light-duty test procedure. NOx emissions from the two smaller
engines were reduced even more: from 7 g/BHP-hr to around 3.0. Particulate
emissions from these engines were about 0.5 to 0.6 g/BHP-hr, measured over the
light~duty FTP cycle. Particulate emissions from the smaller engines with EGR

were comparable to those from similar light-duty IDI engines without EGR.

These results cannot be translated directly to heavy-duty engines,
due to the differences in emission test cycles between the light-duty FTP and
the Heavy-Duty Transient Test procedure. Compared to the light~duty cycle, the
heavy~duty procedure involves much more high-power operation, which would limit
amount of EGR that could be tolerated. Nonetheless, these data strongly
suggest that the properly modulated EGR could result in a major reduction in

NO_ emissions, with minimal impacts on PM, fuel econmomy, or driveability.

To obtain a rough quantification of the potential impact of EGR in a
heavy-duty engine, we developed a simple model of EGR effects. Modal emissions
data for a modern low-emission heavy-duty engine were taken from the work of
AVL (Cartellieri and Wachter, 1987). These data included weighted NOx and
particulate emissions in g/BHP-hr for each of 14 operating modes selected to

represenE key portions of the heavy-duty transient cycle. Particulate emis-
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sions data were further divided into fuel-derived HC, lubricant-derived HC, and
insoluble (soot) components. The sum of the weighted emissions from these 14
steady-state modes was shown by the AVL researchers to closely approximate the

transient cycle results.

The effects of EGR on transient cycle emissions for the AVL engine
were estimated by assigning an EGR rate to each operating mode, then estimating
t+he resultant effects on soot, SOF, and NOx emisgsions, based on the data
provided by Wade and coworkers (1985). Assigned EGR rates were inversely
proportional to engine load, and ranged from 40 percent EGR at zero load to O
percent at full load. The results of this calculation showed a 27 percent
reduction in NOx emissions (from 6.0 to 4.3 g/BHP-hr, at the cost of a 14
percent increase in PM) (from 0.242 to 0.276 g/BHP-hr). Although very rough,
these results may be considered as an approximate indicator of EGR's potential
for heavy-duty diesel engines. Compared to the effects of injection timing
retard at similar NOx levels, the tradeoff ratio of 1.7 g/BHP-hr NOx reduction

to 0.034 g/BHP-hr PM increase is an extremely favorable one.

4.1.5 0il Consumption

A significant fraction of diesel particulate matter consists of
oil-derived hydrocarbons and related solid matter. The long-chain {(typically
20-carbon) hydrocarbons in the oil readily condense to form liquid particles in
the dilute exhaust, and are collected on the particulate filter. A number of
researchers (and many of the manufacturers interviewed in this study) have
estimated the oil contribution to particulate emissions by assigning all of the
heavy-hydrocarbon fraction of the SOF to the oil. Estimates of the oil
contribution to overall PM emissions by this means range from 10 to 50 percent
(Cuthbertson et al, 1987; Cartellieri and Wachter (1987), Hales and May, 1986;

mfrs. confidential data).

Estimates of the oil contribution based on molecular weights may be

significantly too high, since they ignore the possible contribution pyrosyn—
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thesized hydrocarbons, as well as heavy ends from the fuel. Pyrosynthesis of
polynuclear aromatic hydrocarbons (probably by the same processes which produce
soot) has been demonstrated (Williams et al., 1987). Measurements using a
radioactive tracer technique showed a somewhat smaller contribution by the lube

oil.

In addition to the direct 1lube o0il contribution to particulate
emissions, ash-forming o0il additives could pose a significant durability
problem for particulate traps. These additives include zinc dithiophosphate
for wear protection and overbased calcium and magnesium sulfonates to prevent
the acid gases (SOx and NOx) from the combustion process from corroding the
engine. The ash from these additives amounts to about ome to two percent of
the mass of o0il consumed. This ash would be collected by a trap-oxidizer,

and--being noncombustible--would accumulate and gradually plug it.

Reduced 0il consumption has been a design goal of heavy-duty diesel
engine manufacturers for some time, and the current generation},of diesel
engines already use fairly little. Further reductions in o0il consumption are
possible through careful attention to cylinder bore roundness and surface
finish, optimization of piston ring tension and shape, and attention to valve
stem seals, turbocharger o0il seals, and other possible sources of oil loss.
Some o0il consumption is required, however, in order for the oil to perform its

lubricating and corrosion-protective functions.

Some manufacturers have measured emissions from engines modified for
ultra=low oil consumption. O0il consumption in each case was reduced to an
extent that was expected to result in unacceptable long-term durability. These
tests have shown a reduction of 0.07 to 0.10 g/BHP-hr in particulate matter due

to the reduced o0il consumption.
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4.2 Achigvements in In-Cylinder Emissions Control

| Figure 4-4 shows the NOX/PH emissions tradeoff projected by Weaver et
al. in 1984, compared to the results from current development engines for a
number of engine manufacturers. The lowest transient emissions results to
date, however, have been reported by the Austrian engine consulting firm of
AVL, in a project documented by Cartellieri and Wachter (1987). These showed
emissions of 4.5 g/BHP-hr NO_ and 0.23 g/BHP-hr PM using EPA certification
fuel. This value is within the "box" of the 1991 standards, but it does not
provide sufficient margin to ensure compliance for PM. To ensure adequate
margin for compliance, manufacturers generally felt they would require low-
mileage PM levels in their development engines no higher than 0.17 to 0.20
g/BHP-hr.

As Figure 4-4 shows, at least one U.S. manufacturer has nearly
equalled the AVL results in its engine development work, while several others
have generated results only slightly worse. All of these'data are for current
development engines, and nome of these engines was considered to be fully
developed by its manufacturer. Nome of them, for instance, incorporated any
extraordinary measures to reduce lube-oil consumption, and none included a
variable—gebmetry turbocharger. It appears likely that the incorporatiom of
such additional measures into the emissions control package could bring many,
if not most, of the manufacturers within reasonable range of their targets for
compliance with the 1991 standards, even using the present (0.3 percent sulfur)

certification fuel.

Actual compliance is by no means certain, however. A key remaining
question comcerns the emissions deterioratiom rates (especially for PM) at
these very low emissions levels. Few manufacturers have accumulated any
significant durability data on these ultra-low emission engine counfiguratioms,
and one manufacturer which had done so indicated that the deterioratiom factors
had been ﬁignificantly higher than expected. Until more durability data are

available on these engines, this will remain an open question.
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5.0 PROGRESS IN TRAP-OXIDIZER TECHNOLOGY

A trap-oxidizer system consists of a durable particulate filter (the
"trap" positiomed in the engine exhaust, along with some means for cleaning the
filter by burning off ("oxidizing") the collected particulate matter. Trap-
oxidizer technology and its application to light-duty and heavy-duty vehicles
have been discussed extensively in previous reports by one of the authors and
other workers (Weaver, 1983, 1984; Weaver et al., 1984). This section updates
those earlier discussions to reflect recent technological developments and

trends in trap-oxidizer technology.

The construction of a filter capable of collecting diesel soot and
other particulate matter from the exhaust stream is a straightforward task, and
a number of effective trapping media have been developed. The great problem of
trap-oxidizer system development has always been with the process of "regener-

ating”" the filter by burning off the accumulated particulate matter.

As discussed ‘in Section 2.3, diesel particulate matter consists
primarily of a mixture of solid carbon coated with heavy hydrocarboms. The
ignition temperature of this mixture is above the normal range of diesel engine
exhaust temperatures, so that special means are needed to assure regeneration.
Once ignited, however, this material can produce very high temperatures, which
can easily melt or crack the particulate filter. Initiating and controlling
the regeneration process to ensure reliable regeneration without damage to the

trap is the central engineering problem of trap-oxidizer development.

Compared to the in-cylinder emission control technologies discussed
in the preceding section, trap-oxidizer technology has progressed more slowly
and in a more predictable manner since 1984. This is partly due to the simpler
and more predictable physical and chemical phenomena involved, and partly due
to the much lower priority accorded it in most manufacturers' research and
development efforts. Despite the relatively slow general rate of progress,

several manufacturers have fielded successful prototype trap-oxidizer systems,
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and it appears that the- technology will be available, if needed, in 1991,
However, the fact that most manufacturers have been slow to proceed to field
testing may result in inadequately tested systems being marketed. These could
possibly prove very damaging, as the widely publicized failure of a few such
systems could affect public perception of all trap-oxidizers, and result in

widespread tampering and removal.
5.1 Traps

The different types of particulate traps were reviewed in comsider-
able detail by Weaver et al. in 1984. There have been relatively few new
developments in this area since that time. One new development which has
occurred is the introduction of an electrically conductive silicon carbide trap
by Fogarty Corporatiom in Britain. Performance data for this trap have not yet
been published, however. In addition, some additiomal performance data have
become available for cellular mullite fiber traps (Simon et al., 1986; Mihara
et al., 1986) and for the ceramic-fiber coil traps used by Daimler-Benz
(Hardenberg eﬁ al., 1987a). Improvements in materials and mounting techniques
have reduced the problem of cracking due to thermal stress in ceramic monolith
traps. Finally, a number of reports documenting decidedly mixed results in
field tests of the Johnson-Matthey catalytic wire mesh trap have cast serious

doubt om the viability of this approach.

Cellular Cordierite ceramic monolith trap-—Presently, as in 1984,
most of the trap-oxidizer systems under development are based on the cellular
cordierite ceramic monolith traps produced by Corning Glassworks and NGK-Locke.
These traps can be formulated to be highly efficient (collecting essentially
all of .the soot, and a large fraction of the particulate SOF), and they are
relatively compact, having a large surface area per unit of volume. Because of
their relatively simple production process, they could also be produced fairly
inexpensively. They are also readily coated or impregnated with catalyst
material to assist regeneration. However, the high concentration of soot per

unit of volume makes these traps rather semsitive to regemeration conditioms.
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Trap loading, temperature, and gas flow rates must be maintained within a
fairly narrow window. Otherwise, the trap fails to regenerate fully, or cracks

or melts due to overheating.

The incidence of thermal stress cracking in cordierite monolith traps
has been reduced by recent improvements in materials and mounting techniques,
but trap melting due to uncontrolled regeneration remains a problem. Melting
typically occurs in the center of the downstream end of the trap. Since
particulate combustion generally begins at the upstream face of the trap, the
downgtream end is preheated by the burning of the particulate upstream. This
increases both the starting temperature of the downstream end and the particu-

late burning rate, and leads to very high temperatures.

With a non-catalyzed trap, there is a fairly narrow range of trap
loadings within which regeneration can be undertaken successfully. If the
particulate loading on the trap is too low, combustion will not propagate well
and regeneration will be incomplete. If too high, the trap will melt. Con-
trolling the regeneration process so that the trap loading will always be
within this range is a very difficult proposition, and manufacturers reported

many trap failures in development and testing.

This problem can be alleviated in several ways. One approach is to
reduce the length of the trap (increasing its width to keep the filtering
surface the same), thus reducing the temperature increase at the rear. This
can lead to packaging problems, however. Another approach is to add a catalyst
coating to the trap, reducing the regeneration temperature and the minimum
loading required for regeneration. The latter approach has several other

advantages, 88 discussed in the next section.

Until recently, ceramic monolith traps could be produced only in
relatively small diameters (five to six inches), due to the limitations of the
extrusion process used to form them. Larger traps had to be formed by cement-

ing together a number of individually-extruded sections--a very expensive
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process. Monolith tfapb‘ére becoming available in larger sizes as problems of
extrusion technology are resolved, however. Trap manufacturers have indicated
that trap diameters of eight to nine inches are now feasible for productiomn,
and one (NGK) displayed a trap of approximately 11 inches diameter at the 1987
SAE exposition. One of this size of trap would be sufficient for most medium-

heavy and heavy-heavy duty trucks.

Cellular Mullite fiber traps--Compared to the cordierite monolith

traps discussed above, Mullite fiber traps have somewhat lower efficiency and
lower mechanical strength, are much more resistant to thermal cracking, and may

be easier to fabricate in large sizes.

Mullite fiber traps are similar in principle to the cordierite
monolith traps, but are comstructed by a different method. In ome approach, a
felt of green (unfired) mullite fibers is éorrugated to produce a flat cellular
sheet similar to a the corrugated cardboard used in paper boxes. This sheet 1is
then wound into a round or oval shape and fired (Mihara et al., 1986). Figure
5-1 shows a trap of this type. Large traps could be produced quite easily

using this process.

In an alternative approach, porous blocks of mullite fibers were
fired, and then holes were drilled from each side to form the cellular struc-—
ture (Simon et al, 1986). This resulted in a shorter, wider trap, reducing the
problem of melting at the end of the trap. This process is quite expensive,

however, due to the large number of drill holes required.

Because of their felt-like structure, Mullite fiber traps could be
expected to gradually shed small ceramic fibers when sub jected to repeated
thermal cycling and/or exhaust pulsations. They would therefore be unsuitable
for installation upstream of a turbocharger. Long-term degradation in effi-
ciency and structural integrity would also be possible concerns. Durability
data with these traps are very limited, so the extemt to which these problems

will be encountered im practice is unknown.
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Figure 5-la. Wound oval trap.

(Source: Ise et al., 1986.)

Figure 5-1b. Wound round trap.
(Source: 1Ise et al., 1986.)

Figure 5-lc. Trap machined from

fiber block.
(Source: Simon et al., 1986.)

]
.c
..
.l

Figure 5-1. Types of Mullite Fiber Traps.
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Ceramic fiber coil traps——These traps are composed of a number of

individual filtering elements, each of which comsists of a number of thick- .
nesses of silica-fiber yarn wound on a punched metal support. This type of
trap was referred to as the "candle" trap in previous reports, due to the
appearance of the filtering elements. A number of these filtering elements are
suspended inside a large metal can to make up a trap. Figure 5-2 is a schematic

diagram of this system.

The advantages of the ceramic fiber coil trap include high filtering
efficiency and immunity to thermal cracking. In additiom, its low ratio of
filtering area to volume (which results im a low volumetric soot loading) and
the heat capacity and thermal conductivity of the materials make this trap
nearly impossible to melt. Its primary disadvantages are the relatively large
volume required and a fairly rapid increase in backpressure with increasing
particulate loading. The silica yarn coils can alsc be mechanically cut or
frayed by sharp objects, or loosened by repeated thermal cycling (Bardenberg et
al, 1987a). The trap is also relatively complex structurally--implying that it

could be expensive to manufacture.

Daimler-Benz has deployed prototype traps of this design in more than
50 city buses in West Germany (Hardenberg, 1987). To allew for interchange-
ability, these traps were constrained to be the same size as the normal
muffler--severely limiting the volume available. Despite this constraint, trap

performance has been good so far.

Johnson—Matthevy ¢atalyzed wire-megh CTO (tm)--1986 saw the publica-
tion of results from a number of demonstration programs using the Johmson-
Matthey. CTO system on city buses. These included programs in the United
Kingdom (Hickman and Jaffray, 1986), the Netherlands (Rijkeboer et al., 1986);
Southern California (Pellegrin, 1986; Ullman, 1986); Philadelphia (McCormick et
al., 1986); and Phoenix (Newman and Enga, 1986). Of these, only the Philadel-
phia demonstration could be comsidered am unqualified success. The Phoenix

program suffered a series of regenmeration failures before ultimately achieving
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‘Figure 5-2. Ceramic Fiber Coil Trap (Schematic).
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a durable trap, and Southern California program suffered from a series of trap
and engine mechanical failures. Both of the European programs resulted in trap

failures in service.

The numerous failures in demonstration programs using this system,
the continuing problem of sulfate emissions due to the precious-metal catalyst,
and the relatively low trapping efficiency of the CTO have cast doubt on the
viability of this approach. None of the engine manufacturers contacted consi-
dered it their primary approach, and many had abandoned development of it due
to repeated failures. While some successes have been demonstrated as well, it
remains to be seen whether the persistent problems that have plagued this

system can be overcome.

Fogarty electrically conductive ceramic traps—-—A novel trap—oxidizer

system based on electrically conductive ceramics has been proposed by Fogarty
Corporation in the U.K. This system uses a set of hollow porous silicon carbide
cylinders—similar to the "candles™ in the Daimler—-Benz system--as the trapping
elements. Regeneration is provided by electric heating, using the conductive
filter elements themselves as the heating elements. While this approach has

obvious advantages, little information on the system's performance is available.

5.2 Regeneration techniques and systems

Numerous techniques for regenerating particulate trap—oxidizers have
been proposed, and a great deal of development work has been invested in many
of these. These approaches can generally be divided into two groups: passive
systems and active gystems. Active systems can be further divided into in-line
regeneréfion systems and bypass systems. All passive systems and many active
systems rely on catalyst coated traps and/or catalytic additives to initiate or

promote regeneration.

Passive vs. active regeneration systems—Passive systems rely on

attaining the conditions required for regeneration as a result of the normal
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operation of the vehicles This requires the use of a catalyst (either as a
coating on the trap or as a fuel additive) in order to reduce the ignition
temperature of the collected particulate matter. Active systems, on the other
hand, monitor the buildup of particulate matter in the trap and trigger specific
actions intended to regemerate it when needed. A wide variety of approaches to
triggering regeneration have been proposed, from diesel fuel burners and

electric heaters to catalyst injection systems.

Passive regeneration systems face special problems on heavy-duty
vehicles. Regeneration temperatures must be attained in normal operation, even
under lightly loaded conditions. Because of the variability in their loading
.and use patterns, trucks may sometimes operate for long periods at very light
loads. Exhaust temperatures from heavy-duty diesel engines are already fairly
low, and recent developments such as air to air intercooling and increased
turbocharger efficiency are reducing them still further. Existing catalyst
coatings cannot ensure trap regeneration under all conceivable operating

conditions.

The most promising passive system from a regeneration standpoint is
the use of catalytic fuel additives. Some test trucks have accumulated sub-
stantial mileages using additives, and have demonstrated essentially continuocus
regeneration. A number of effective additive systems have been developed,
using copper, manganese, lead, and cerium (Simon and Stark, 1985; Rao et al.,
1985). These additives are capable of promoting regeneration at relatively low
temperatures——one system demonstrated regenerate even in continuous idling (Ise
et al., 1986). Manufacturers are reluctant to use the additive system, however,
due to the problems of additive supply, reduced trap durability due to plug-

ging, and uncertainty as to the future regulatory status of this approach.

Presently, no purely passive systems appear to be under serious
consideration for heavy-duty applications, although some research is still
being devoted to them. The major emphasis, therefore, is on active regenera-

tion systems. Some manufacturers are also working on quasi-passive systems, in
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which the system will psually regenerate passively without interventiom, but
the active regeneration system remains as a backup. This is a desirable
arrangement, since the energy costs of regeneration would be much lower, and
the passive element would provide some insurance against the failure of the

active system.

A1l acrive and quasi-passive regeneration systems require some means
of monitoring trap loading in order to trigger regeneratiom at the proper time.
The only practical measure of trap loading is the pressure drop across the
trap. The long-term durability of semsors to measure this pressure drop
remains a .concern, however. Problems due to particulate fouling, heat and
vibration damage, and even accidental disconnection have been reported in test
programs. These problems could be expected to be even more significant omn

vehicles in use.

In-line vs. bypass systems-—-Active regeneration systems can be

classified as either in-line or bypass-type systems. In the in-line system,
exhaust continues to flow through the trap during regeneratiom, while with the
bypass system the exhaust is bypassed around the trap. Some bypass systems
involve a dual-trap design, with the exhaust being routed through ome trap
while the other is regenerated. Most systems under development include only a
single trap, however, and route the raw exhaust to the atmosphere during
regeneration. These systems raise serious concerns over tampering and I/M

enforcement problems.

The exhaust stream from a vehicle engine varies rapidly and unpre-
dictably in both temperature and flowrate, depending on the demands of the
driving cycle. This variability would pose impossible control problems for
systems such as diesel fuel burners and electric heaters. The need to heat the
entire exhaust stream would also be very wasteful of enmergy, and would be well
beyond the capacity of a truck’s electrical system. For these reasons, burner
and electric heater-based regemeration systems usually bypass the exhaust

around the trap during regeneration. Combustion air for regeneration 1is
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supplied either by a separate air pump, or by admitting a small amount of

exhaust into the trap.

For cost and compactness reasons, nearly all manufacturers using
these systems intend to use only a single trap, routing the unfiltered exhaust
to the atmosphere during regeneration. Unfortunately, such systems are virtu-
ally an open invitation to tampering. A bypass system requires ome Or more
automatically~actuated valves in the exhaust system to close off the trap and
open the bypass. Tampering with this valve to bypass the trap continuously
would be a trivial matter--similar to the ease of tampering with EGR valves on
light-duty gasoline vehicles. The motivations for tampering with trap-oxidizer
systems, and the likely incidence of such tampering, have been discussed at

length elsewhere (Weaver and Klausmeier, 1987a).

By so tampering, a truck owner could eliminate nearly all the real or
perceived disadvantages of the trap-oxidizer system: fuel loss, power loss,
maintenance requirements, and potential safety problems. Furthermore, this
tampering would be reversible—-making it unlikely to be detected in a periodic
I/M program. Even random anti-tampering inspections would be poor deterrents.
As a matter of good engineering practice, bypass valves would probably be
designed to fail in the bypassed position (since failing in the other positiomn
would overload the trap, and possibly cause a destructive fire). It could thus

be difficult to prove that the valve had been tampered with deliberately.

Catalytic coatings--Engine and catalyst manufacturers have experi-
mented with a wide variety of catalytic material and treatments to assist in
trap regenmeration. Good results have been obtained both with precious metals
(platinum, palladium, rhodium, silver) and with base metal catalysts such as
vanadium and copper. Precious metal catalysts are effective in oxidizing
gaseous HC and CO, as well as the particulate SOF, but are relatively ineffec-
tive at promoting soot qxidation. Unfortunately, these metals also promote the

oxidation of NO in the exhaust to the more toxic N02, and of 302 to particulate
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sulfates such as sulfuric-acid (HZSO4). The base-metal catalysts, in comtrast,
are effective in promoting soot oxidation, but have little effect omn HC, CO,
NO, or SO2°

Catalyst manufacturers have attempted to reduce the sulfate-forming
tendencies of the precious metal coatings by changes in the catalyst and
washcoat formulation. The fraction of sulfur comverted to 802 has been reduced
from 25-60 percent to 2-10 percent by these changes. Unfortunately, these
changes also seem to reduce the catalyst's HC and CO oxidation activity. The
resulting catalysts, while producing acceptably low sulfate levels, are omnly
marginally satisfactory for promoting regeneration. This dilemma could be

greatly alleviated through the use of low sulfur fuel.

Base metal coatings capable of reducing trap regeneration tempera-
tures to 380-400°C have been demonstrated (Engler et al., 1986). This is about
150°C less than would be required without the catalyst. However, the best
results to date have been attained with a combination of base and precious
metal coatings, with the base metal coated on the upsﬁream (sooty) side of the
trap walls, and the precious metal on the downstream {(clean) side. The extra
heat generated by the HC and CO oxidation on the precious-metal catalyst
apparently contributes to the soot combustion, reducing the regeneration

temperature by about 25°C (Engler et al., 1986).

Sulfate production in these tests was relatively low, and was
outweighed by the reduction in particulate SOF getting through the trap, so
that the addition of the precious metal catalyst gave a small reduction in PM
emissions as well. HC and CO conversion efficiencies were relatively low--40
to 50 percemnt for HC and 45 to 80 percent for CO. This was presumably due to

the reductiom in catalyst activity needed to control sulfate emissionms.
To date, no catalytic coating has sufficiently reduced the trap

regeneration temperature to permit reliable passive regeneration in heavy-duty

diesel sérvice. Catalyst performance is limited by sulfate production with
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current fuels--therefore; improved performance could be expected with 1low
sulfur fuel. It is unlikely, however, that this improved performance would be

sufficient by itself to allow purely passive operation.

Catalyst coatings also have a number of advantages in active systems,
however. The reduced ignition temperature and increased combustion rate due to
the catalyst mean that less energy is needed from the regeneration system.
Regeneration will also occur spontaneously under -most duty cycles, greatly
reducing the number of times the regeneration system must operate. The sponta-
neous regeneration capability also provides some insurance against a regenera-
tion system failure. Finally, the use of a catalyst may make possible a

simpler regeneration system.

Although normal heavy-duty diesel exhaust temperatures are not high
enough to provide reliable regeneration for a catalyst-coated trap, the exhaust
temperature can readily be increased by changes in engine operating parameters.
Retarding the injectiom timing, bypassing the intercooler, throttling the
intake air (or cutting back on a VGT), and/or increasing the EGR rate markedly -
increase the exhaust temperature. Applying these measures all the time would
seriously degrade fuel economy, engine durability, and performance. The
presence of an electronic control system, however, would make it possible to
apply them briefly, and only when needed to regenerate the trap. Since they
would be needed only at light loads, the effects on durability and performance

would be imperceptible.

One engine manufacturer has successfully accumulated more than
120,000 miles on a prototype system of this type. This approach is simpler and
potentially much more reliable than the bypass-type systems being developed by

most manufacturers.
Precious metal catalysts also have important advantages from an

environmental standpoint. In addition to oxidizing gases HC and CO and

particulate SOF, these catalysts can dramatically decrease emissions of PAH,
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nitro-PAH, aldehydes, and other air toxics (Andrews et al., 1987; Hunter et
al., 1981), as well as diesel odor emissions. The cost of adding a precious
metal costing to a trap-oxidizer would be small compared to the advantages

gained. This type is discussed further in Section 7.4.

5.3 Costs and cost—effectiveness

This section presents our estimates of the costs of four of the
leading candidate trap-oxidizer systems in each of the four major classes of
heavy-duty diesel vehicles: light-heavy, medium-heavy, heavy-heavy, and tramsit

bus. Cost estimates are developed for the following four systems.

1. A catalyst—-coated ceramic monolith trap using an electric heater
and exhaust bypass for regeneratiom. This type of system
(sometimes without the catalyst coating) is presently considered
the leading candidate system by more manufacturers than any

other.

2. A catalyst-coated ceramic momolith trap using a diesel fuel

burner and exhaust bypass for regeneration.

3. A catalyst-coated ceramic monolith trap regemerated by increas-
ing the exhaust temperature. Exhaust temperature 1s increased
by bypassing the intercooler, retarding imjection timing,
reducing the airflow with a variable geometry turbocharger,
and/or closing a restriction valve in the exhaust. A prototype
system of ﬁhis type has been successfully tested by at least ome

U.S. manufacturer.
4. The system currently deployed by Daimler-Benz, comsisting of a

ceramic fiber coil trap regemerated by injecting catalytic

material into the exhaust stream.
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Tables 5-1. threugh 5-4 display the estimated initial and life-cycle
costs for each type of system installed in each class of heavy-duty vehicle.
The cost-estimating procedure and assumptions used in developing these esti-
mates were taken directly from the 1984 ERC report (Weaver et al., 1984). The
basic procedure is an adaptation of the method developed by Fronk (1984), based
on earlier work by Lindgren (1977). Key assumptions made in developing these
estimates include--in addition to the assumptions shown in the tables--a real
interest/discount rate of 10 percent per year, and uniform annual mileage over
the life of the vehicle. The latter is an oversimplification, of course, but

the error so introduced 1is small.

The reader is cautioned that all of the cost estimates shown in
Tables 5=1 through 5-4 are omnly rough approximations, and they are heavily
dependent on the specific assumptions made. Estimates of trap-oxidizer system
cost prepared by engine manufacturers are typically much higher than these
values, while estimates prepared by EPA (1984) were significantly lower. We
believe that the values shown are reasonable, and perhaps somewhat conserva-

tive, but no data exist to confirm or falsify them.
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TABLE 5-1. ESTIMATED INITIAL AND LIFE-CYCLE COSTS FOR A MONOLITH/BYPASS
ELECTRIC HEATER TRAP-OXIDIZER SYSTEM

LIGHT- MEDIUM- HEAVY - TRANSIT
HEAVY HEAVY HEAVY BUS
HARDWARE COST TQ MANUFACTURER
Trap §72 $120 $240 $150
Catalyst Coating 50 70 140 80
Container and Piping 50 60 120 60
Heater and Controls 110 120 140 120
Modifications to Vehicle 15 30 60 75
TOTAL HARDWARE COST $297 $400 $700 $485
Assembly Labor (Hours) 1.0 ¥ 1.5 3.0 2.0
Cost @%$24/hr 824 336 §72 $48
Assembly Overhead @407 10 14 29 19
TOTAL COST TO MANUFACTURER $331 $450 $801 $552
Manufacturer's Markup @20% $66 $90 $160 $110
Estimated Tooling Cost Per Unit 3 30 30 60
Estimated R&D Cost Per Unit 15 150 150 300
INCREASE IN DEALER COST $415 $720 $1,141 $1,023
Dealer's Markup @8% $33 $58 $91 $82
INITIAL COST TO CONSUMER $448 $778 $1,232 $1,104
QPERATING COSTS
Vehicle Lifetime (miles) 120,000 300,000 700,000 480,000
Vehicle Lifetime (years) 8 10 10 12
Maintenance Costs
Per 100,000 miles $40 $40 $50 $40
Discounted Lifetime $32 574 $215 $109
Fuel Consumption
 Base Fuel Economy (MPG) 16.4 8.2 6.7 4.7
Reduction Due To Trap 4.0% 4.0% 3.2% 4.5%
Cost of Fuel ($/Gallomn) $0.70 $0.70 $0.70 $0.70
Discounted Lifetime Cost $137 $631 $1,434 $1,834
Trap Replgcement Cost
Trap Lifetime (Miles) 150,000 200,000 250,000 200,000
Trap Replacements Needed 0 1 2 2
Cost of Replacement $434 $590 $1,090 $670
Discounted Replacement Cost $0 38313 $1,327 8674
TOTAL OPERATING COSTS $169 $1,017 $2,976 $2,618
TOTAL LIFECYCLE COSTS $617 $1,795 $4,208 $3,722
EQUIVALENT ANNUAL COST 5116 $292 $685 $546
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TABLE 5-2. ESTIMATED INITIAL AND LIFE-CYCLE COSTS FOR A MONOLITH/BYPASS
BURNRER TRAP-OXIDIZER SYSTEM

LIGHT~- MEDIUM- HEAVY - TRANSIT
HEAVY HEAVY HEAVY BUS
HARDWARE COST TO MANUFACTURER
Trap $72 8120 $§240 $150
Catalyst Coating 50 70 140 80
Container and Piping 50 60 120 60
Burner and Controls 170 180 220 180
Modificatiopg to Vehicle 20 40 80 100
TOTAL HARDWARE COST $362 $470 $800 $570
Assembly Labor (Hours) 2,0 3.0 5.0 4.0
Cost @$24/nr $48 §72 $120 $96
Assembly Overhead @40% 19 29 48 38
TOTAL COST TO MANUFACTURER $429 $571 '$968 $704
Manufacturer's Markup @202 $86 5114 $194 5141
Estimated Tooling Cost Per Unit 5 50 50 100
Egtimgted RED Cost Per Unit 15 150 150 300
INCREASE IN DEALER COST $535 $885 $1,362 $1,245
D 's Markup @82 $43 $71 $109 $100
INITIAL COST TO CONSUMER '$578 $956 $1,471 $1,345
OPERATING COSTS
Vehicle Lifetime (miles) 120,000 300,000 700,000 480,000
Vehicle Lifetime (years) 8 10 10 12
Maintenance Costs
Per 100,000 miles $120 8120 $180 $240
Discounted Lifetime $96 §221 $774 §654
Fuel Consumption
Base Fuel Economy (MPG) 16.4 8.2 6.7 4.7
Reduction Due To Trap 3.0Z 3.0% 2.5%2 4.0%
Cost of Fuel ($/Gallon) $0.70 $0.70 $0.70 $0.70
Discounted Lifetime Cost $103 $473 $1,120 $1,631
Trap Replacement Cost
Trap Lifetime (Miles) 150,000 200,000 250,000 200,000
Trap Replacements Needed 0 1 2 2
Cost of Replacement $434 $590 $1,090 $670
Discounted Replacement Cost 50 $313 $1,327 $674
TOTAL OPERATING COSTS $199 $1,007 $3,222 $2,959
TOTAL LIFECYCLE COSTS $777 $1,963 $4,692 $4,304
EQUIVALENT ANNUAL COST 8146 $319 §764 $632
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TABLE 5-3.

TEMPERATURE TRAP-OXIDIZER SYSTEM

ESTIMATED INITIAL AND LIFE-CYCLE COSTS FOR A MONOLITH/EXHAUST

LIGHT- MEDIUM~- HEAVY- TRANSIT
HEAVY HEAVY HEAVY BUS
HARDWARE COST TO MANUFACTURER
Trap $72 $120 $240 $150
Catalyst Coating 50 70 140 80
Container and Piping 50 60 120 60
Actuators and Controls 60 70 90 70
Modifications to Vehicle 10 20 40 ~ 50
TOTAL HARDWARE COST $242 $340 $630 $410
Assembly Labor (Hours) 1.0 1.5 3.0 2.0
Cost @$24/hr 524 536 §72 $48
Assembly Overhead @40% 10 14 29 19
TOTAL COST TO MANUFACTURER $276 $390 $731 $477
Manufacturer's Markup @20% $55 $78 $146 $95
Estimated Tooling Cost Per Unit $s $50 $50 5100
Estimated R&D Cost Per Unit $15 $150 $150 $300
INCREASE IN DEALER COST $351 $668 $1,077 $973
Dealer's Markup @87 $28 $53 $86 $78
INITIAL COST TO CONSUMER $379 $§722 $1,163 $1,050
OPERATING COSTS
Vehicle Lifetime (miles) 120,000 300,000 700,000 480,000
Vehicle Lifetime (years) 8 10 10 12
Maintenance Costs
Per 100,000 miles $20 530 $50 $50
Discounted Lifetime $16 $55 $215 $136
Fuel Consumption
Base Fuel Ecomomy (MPG) 16.4 8.2 6.7 4.7
Reduction Due To Trap 1.5% 1.5% 1.2% 2.0%
Cost of Fuel ($/Gallom) $0.70 $0.70 $0.70 $0.70
Discounted Lifetime Cost $51 $237 $538 $815
Trap Replgcement Cost
Trap Lifetime (Miles) 150,000 200,000 250,000 200,000
Trap Replacements Needed 0 1 2 2
Cost of Replacement $434 $590 51,090 $670
Discounted Replacement Cost 50 $313 $1,327 5674
TOTAL OPERATING COSTS $67 $604 $2,080 $1,626
TOTAL LIFECYCLE COSTS 5446 $§1,326 $3,243 $2,676
EQUIVALENT ANNUAL COST $84 $216 $528 $393




TABLE 5-4. ESTIMATED INITIAL AND LIFE-CYCLE COSTS FOR A CERAMIC FIBER
COIL TRAP/ADDITIVE INJECTION TRAP-OXIDIZER SYSTEM

LIGHT- MEDIUM- HEAVY- TRANSIT
HEAVY HEAVY HEAVY BUS
HARDWARE COST TO MANUFACTURER
Trap $120 $150 $300 $200
Container and Piping 50 60 120 60
Injection and Control System 140 160 200 160
Modifications to Vehicle 20 40 80 100
TOTAL HARDWARE COST $330 $410 $700 $520
Assembly Labor (Hours) 2.0 3.0 5.0 4.0
Cost @$24/hr $48 $§72 $120 $96
Agsembly Overhead @40% 19 29 48 38
TOTAL COST TO MANUFACTURER $397 $§511 $868 $654
Manufacturer's Markup @20% $79 §102 8174 $131
Estimated Tooling Cost Per Umnit 5 50 50 100
Estimated R&D Cost Per Unit 15 150 150 300
INCREASE IN DEALER COST $497 $813 $1,242 $1,18$
Dealer's Markup @82 840 $65 - $99 395
INITIAL COST TO CONSUMER $536 $878 $1,341 $1,280
OPERATING COSTS
Vehicle Lifetime (miles) 120,000 300,000 700,000 480,000
Vehicle Lifetime (years) 8 10 10 12
Maintenance Costs
Per 100,000 miles $80 $80 $120 $200
Discounted Lifetime $64 $147 $516 8545
Fuel Consumption
Base Fuel Economy (MPG) 16.4 8.2 6.7 4.7
Reduction Due To Trap 1.0% 1.0% 1 0.8% 1.3%
Cost of Fuel ($/Gallonm) $0.70 $0.70 $0.70 $0.70
Discounted Lifetime Cost $34 $158 $336 8510
Trap Replacement Cost
Trap Lifetime (Miles) 100,000 150,000 200,000 100,000
Trap Replacements Needed 1 2 3 4
Cost of Replacement $430 3510 $930 $610
Discounted Replacement Cost $228 $513 $1,659 $1,393
TOTAL OPERATING COSTS $326 $819 $2,511 $2,448
TOTAL LIFECYCLE COSTS $862 $1,697 $3,852 $3,728
EQUIVALENT ANNUAL COST sle2 $276 $627 $547
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6.0 NON-TRAP AFTERTREATMENT TECHNOLOGIES

In addition to trap-oxidizer systems, a number of other
aftertreatment emissions control systems are under development for heavy-duty
diesel engines. One very promising approach is the use of a flow-through
catalytic converter to reduce PM and HC emissions. Research on electrostatic
and electrostatic/inertial systems for particulate collection is also continu-
ing. Finally, a number of aftertreatment technologies for NOx reduction are
also available or under development, although none are considered practical for

vehicular applications.

6.1 Catalytic converters

Recent dramatic progress in in-cylinder particulate control has
greatly reduced engine-out particulate levels. This progress has been most
effective in reducing the solid soot fraction of the particulate, so that
soluble organic fraction (SOF) of the particulate matter now accounts for a
larger share than previously. Depending on the engine and operating condi-
tions, the SOF may account for from 30 to more than 70 percent of the

engine—out particulate.

Like a catalytic trap, a diesel catalytic converter would oxidize a
large part of the hydrocarbon constituents of the SOF, as well as gaseous HC,
CO, odor, and mutagen emissions. Unlike a catalytic trap however, a
flow-through catalytic converter would not collect any of the solid particulate
matter, which would simply pass in the exhaust. This would eliminate the need
for a regeneration gystem (with its attendant technical difficulties and
costs). The particulate control efficiency of the catalytic converter would,
of course, be much less than that of a trap. However, a particulate control
efficiency of even 25 to 35 percent would be enough to bring many current
development engines (which are emitting in the 0.25 to 0.28 g/BHP-hr range

without aftertreatment) within the target range for the 1991 standard.
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Diesel catalytic converters would have a number of advantages. In
addition to reducing particulate emissions enough to comply with the 1991
standard, the oxidation catalyst would greatly reduce HC, CO, and odor, emis-—
sions. The catalyst is also very efficiemt in reducing gaseous and particle-
bound toxic air contaminants such as aldehydes, polynuclear aromatics, and
nitroaromatics. While a precious-metal catalyzed particulate trap would have
the same advantages, the catalytic converter would be much less complex, bulky,
and expensive. The estimated imitial, life-cycle, and equivalent annual costs
of a diesel catalytic converter system in each class of heavy-duty diesel
vehicle are shown in Table 6-1. Unlike the trap, the catalytic comverter would
have little impact om fuel economy or safety, and would probably not require
periodic replacement. There would thus be little incentive for tampering with

a catalytic converter.

Unlike the trap—oxidizers, the catalytic converter is a relatively
mature technology--millions of catalytic converters are in use on gasoline
vehicles, and Englehard Corporation PTX (tm) diesel catalytic converters have

been used in underground mining applicatioms for more than 20 years.

The primary disadvantage of the diesel catalytic converter 1s its
relatively low collection efficiency, which would make it impossible to meet
the 1994 particulate standard. This system would thus be limited to the
1991-1993 model years, if the 0.1 g/BHP-hr standard for 1994 is retained. The
other disadvantages of the catalytic converter are the same as those of the
precious-metal catalyzed particulate trap: sulfate emissions and conversionm of
NO to the more toxic NOZ' The NO to NO, comversion occurs naturally in the
atmosphere, so the only differences in NO2 exposure would occur where people
are exposed to relatively fresh exhaust. The increase in the toxic effects of

N02 under these circumstances should be more than counterbalanced by the

decrease in CO, aldehydes, PAH, and nitroaromatics.

The tendency of the precious-metal catalyst to convert SO2 to partic-—
ulate suifates would require the use of low-sulfur fuel: otherwise, the in-
crease in sulfate emissions would more than counterbalance the decrease in SOF.

Even at 0.04%Z sulfur in the fuel, preliminmary tests by one manufacturer showed
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TABLE 6-1. ESTIMATED INITIAL AND LIFE-CYCLE COSTS FOR A DIESEL
CATALYTIC CONVERTER SYSTEM

LIGHT- MEDIUM- HEAVY- TRANSIT
HEAVY HEAVY HEAVY BUS
HARDWARE COST TO MANUFACTURER
Substrate $20 $35 $ 70 $45
Catalyst Coating 50 70 140 80
Container and Piping 40 50 100 50
Modifications to Vehicle 10 20 40 50
TOTAL HARDWARE COST $120 $175 $350 $§225
Assembly Labor (Hours) 0.5 0.6 1.5 1.0
Cost @$24/hr $12 814 $36 $24
Assembly Overhead @402 5 6 14 10
TOTAL COST TO MANUFACTURER $137 $195 $400 $259
Manufacturer's Markup @207 | $27 $39 $80 $52
Estimated Tooling Cost Per Unit 3 15 15 30
Egtimated R&D Cost Per Unit ‘ 5 50 50 100
INCREASE IN DEALER COST ; $172 $299 $545 $440
Dealexr's Markup @8% . §14 $24 $44 $35
INITIAL COST TO CONSUMER i $186 $323 $589 $476
OPERATING COSTS .
Vehicle Lifetime (miles) 120,000 300,000 700,000 480,000
Vehicle Lifetime (years) 8 10 10 12
Maintenance Costs
Per 100,000 miles $10 $15 $20 820
Discounted Lifetime $8 $28 $86 855
Fuel Consumption
Base Fuel Economy (MPG) 16.4 8.2 6.7 4,7
Reduction Due To Trap 0.5% 0.5% 0.5% 0.5%
Cost of Fuel ($/Gallon) $0.70 $0.70 $0.70 $0.70
Discounted Lifetime Cost $17 $79 $§224 $204
Replacemept Cost
Lifetime (Miles) 150,000 350,000 400,000 250,000
Trap Replacements Needed 0 0 1 1
Cost of Replacement $310 $400 $710 $440
Discounted Replacement Cost $0 $0 $412 $243
TOTAL OPERATING COSTS ‘ $25 $107 §722 $501
TOTAL LIFECYCLE COSTS $211 $430 81,311 $976
EQUIVALENT ANNUAL COST $40 $70 $213 8143
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sulfur accumulation and increasing sulfate emissions with time. As discussed
in Section Five, however, precious-metal catalyst formulations with relatively
low sulfate counversion tendencies have been developed for use in particulate
traps. Any sulfate conversion problems at the 0.05% sulfur level could be
controlled by using one of these formulatioms, albeit with some sacrifice 1in

catalyst activity.

6.2 Electrostatic Agglomerator/Precipitators

Electrostatic precipitators have been used in a number of novel
approaches to particulate emissions control for new engines. An electrostatic
agglomerator has been used as the front end in an experimental system for
removing diesel particles by cyclone collection developed by Robert Bosch AG
(Polach and Hagele, 1984), and a similar system has been proposed by Kittelson
and coworkers (1986). Another system proposed by Yang (1981) used an electro-
static precipitator. for collection, followed by particle destruction by means

of an electrostatic discharge.

The Bosch researchers developed a fairly compact agglomerator system
using serrated "spray disks" to increase the corona discharge and charging rate
of the particles. This system was developed as a "pre-agglomerator" for a
cyclone collection system, as shown in Figure 6-1. The system initially
included a separate electrostatic collector section like an electrostatic
precipitator. However, this section was subsequently found to be umnecessary
for agglomeration purposes-—corona discharge alone sufficed to give better than

90 percent collection in the cyclones in steady-state testing.

. A prototype of the Bosch system was tested on a light-duty vehicle
using the U.S. Federal Test Procedure. The particulate mass collection effi-
ciency on this test was measured at 58 percent, which is significantly lower
than the steady-state results measured, but still quite impressive. In the
light-duty vehicle tests, the Bosch system was reported to give the same

muffling "capability as a muffler, while occupying the space required by 1 1/2
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Figure 6-1. Schematic Diagram of the Combined Electrostatic
Collector-Cyclone Separation Device.

Source: Polach and Hagele, 1984.

I-75



cCORPORATYTION

mufflers. It was also indicated that the system resulted in a 3 percent
increase in fuel consumption, which was stated as being primarily due to the
electric power requirements of the agglomerator. Some increase in fuel con-

sumption from increased backpressure in the cyclones would also be expected.

A similar system has been proposed by Kittelson and coworkers (1986).
In this approach, particles are collected and agglomerated by a multiplate
electrostatic precipitator. Kittelson et al. discovered that diesel particles
have a significant charge as they leave the engine, therefore, no separate
charging system is needed. After sufficient particulate matter has built up on
the plates, the agglomerated particles begin to be re-intrained by the exhaust
gas. They can then be collected downstream by a cyclone or other inertial

filter.

The key problem with both the Bosch system and the approach of
Kittelson et al. lies in disposing of the collected particulate matter. In the
Bosch system, a high-particulate gas stream is recycled into the engine and
burned. This would be infeasible in a turbocharged engine, due to the poten-
tial fouling of the compressor and intercooler with particulate matter. All of
the engine manufacturer's reservations about EGR systems would also apply to
this system as well. Unless this problem can be resolved, the electrostatic
collection approach to particulate control is unlikely to proceed beyond the

laboratory.

6.3 NOx Reduction Techniques

The process of catalytic NOx reduction used on light-duty gasoline
vehicles is inapplicable to diesels. Because of their heterogeneous combustion
process, diesel engines require substantial excess air, and their exhaust thus
inherently contains significant excess oxygen. The three—way catalysts used on
automobiles require a precise stoichiometric mixture in the exhaust in order to
function—in the presence of excess oxygen, their NOx conversion effiency

rapidly approaches zero.
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A number of aftertreatment Nox reduction techniques which will work

in an oxidizing exhaust stream are currently available or under development for
stationary pollution sources. These include selective catalytic reduction
(SCR), selective non-catalytic reduction (Thermal Denox(tm)), and reaction with
cyanuric acid (RapReNox(tm)). However, each of these systems requires a
continuous supply of some reducing agent such as ammonia or cyanuric acid to
react with the NOX. Because of need for frequent replenishment of this agent,
and the difficulty of ensuring that the replenishmgnt is performed when needed,
such systems are considered impractical for vehicular use. Even if the Te-
Plenishment problems could be resolved, these systems would raise serious
questions about crash safety and possible emissions of toxic air contamipants.

They will not be considered further in this report, therefore.
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7.0 REGULATORY ISSUES WITH THE CURRENT EMISSIONS STANDARDS

In the course of research on this project, a number of significant
questions and issues concerming the present heavy-duty diesel emissions regula-

tions became apparent. These questions include the following.

1. Current variability in particulate emissions measurements, and
the implications for determining compliance with very low

emissions standards.

2. Diesel fuel sulfur and aromatic hydrocarbon content, and the

implications for aftertreatment controls.

3. Cost-effectiveness of meeting the 1994 particulate standard,
given that compliance with the 1991 standard appears feasible

without trap-oxidizers.

4, Desirability of a precious-metal catalyst requirement for

heavy—-duty diesel vehicles.

A detailed investigation of these issues is beyond the scope of the
present work, but their importance is such that we considered it necessary to
raise them at this time. We recommend that ARB staff consider each of the
questions, and possibly undertake additional investigative work to resolve

them.

7.1 Meagurement Variability

The range of test-to—-test and laboratory-to-laboratory variations in
diesel PM and HC measurements is fairly large. The confidence interval (based
on +/- two standard deviations) for PM measurements in EPA's 1982 round-robin
study was 0.04 g/BHP-hr for measurements made in the same laboratory, while the

lab-to-1ab confidence interval was 0.20 g/BHP-hr. A repeat study in 1986 gave
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confidence intervals of 0.08 g/BHP-hr within the same laboratory, and 0.17

g/BHP-hr lab-to-lab (Navistar, 1987).

These variability data were derived from measurements on engines with
base emissions levels of about 0.6 g/BHP-hr particulate. The absolute level of
variability in the emissions measurements would be expected to be somewhat
lower at the lower emissions levels required by the 1991 and 1994 standards,
however. The available data suggest that this reduction in variability is not
proportional to the reduction in the underlying emissions measurement, however,
so that the fractiomal variability in the measurements becocmes larger as the

measurements themselves become smaller.

So much variability in the emissions measurements would make it
difficult for a manufacturer to be certain of passing a Selective Enforcement
Audit even at the 0.25 g/BHP-hr level, and would make it virtually impossible
to assess compliance with the 0.1 g/BHP-hr standard. It appears that further
development and refinement of the particulate emissions measurement methods may
be required in order to reliably determine compliance with such low emissions

standards.

7.2 Diesel Fuel Sulfur and Aromatic Content

The effects of diesel fuel sulfur and aromatic hydrocarbon content on
emissions were addressed in a previous report by one of the authors and others
(Weaver et al., 1985). Based on the limited data then available, this report
concluded that reducing the fuel aromatic content would significantly reduce
diesel NOx. HC, and PM emissions; while reducing the sulfur content would
reduce PM emisgions and corrosive wear, thus increasing engine life. The
savings due to extended engine life were projected to more than compensate for
the increased refining cost to remove the sulfur, resulting in a net economic
benefit to society, as well as substantial environmental benefits. These

conclusions proved highly controversial.
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Since the publication of the 1985 report, considerable new data has
come to light on the relationship between fuel sulfur and engine wear. In
submissions to EPA, virtually every heavy-duty engine manufacturer has stated
that reducing fuel sulfur will beneficially affect engine life (although many
stated that the benefits estimated by Weaver et al. were overestimated).
However, preliminary results from a study of oil analyses in Southern California
RTD buses show roughly a 30 percent reduction in wear metals in switching from
the previous fuel to fuel containing 0.05 percent sulfur. Tests by a major
engine manufacturer in a low-emission engine with air to air intercooling
showed more than a two-thirds reduction in piston ring wear rate in going from
0.27 percent to 0.05 percent sulfur in the fuel. Low-emission engines would be
expected to be more susceptible to corrosive wear; since their low exhaust
temperatures and high boost pressures would make it easier for sulfuric acid to

condense on the cylinder walls.

Fuel sulfur may also be a major reason for the increase in diesel
engine wear due to EGR, as discussed in Section 4.4, If so, low sulfur fuel
would be required in order for EGR to become a practical emission control

technique for heavy-duty diesel engines.

Reducing the sulfur level in diesel fuel would have a direct and
immediate impact on diesel particulate emissions. Measurements of the effect
of going from 0.3 percent sulfur to 0.05 percent show a reduction in particu-
late emissions of 0.05 to 0.10 g/BHP-hr, with a typical reduction of about 0.07
g/BHP-hr. This is more than 25 percent of the 1991 standard, and 70 percent of
the 1994 standard. For this reason, nearly all of the engine manufacturers
contacted in this study strongly urged the adoption of a low-sulfur requirement
for diesel fuel (with corresponding changes in certification fuel) by 1991.

Failing this, they urged the adoption of 0.05 percent sulfur for certification

fuel in 1991, with a sulfur limit for commercial diesel fuel to follow as soon
as practicable. All manufacturers felt that such a limit would greatly assist
them in meeting the 1991 standard without traps, and most stated that it would

probably be impossible to do so without it,
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Reducing the sulfur level in diesel fuel will alsoc be essential
before any widespread deployment of precioqs metal catalysts (whether in
catalytic traps or diesel catalytic converters) could be possible. As dis-
cussed in Sectiom Six, catalytic converters could be a very attractive alterma-
tive to traps for compliance with the 1991 particulate standard. Im addition,
as discussed in Section 7.4 below, the use of such catalysts would be very
desirable for the control of gaseous hydrocarboms, toxic air contaminants, and

odor emissions from diesel vehicles.

Reducing the aromatic hydrocarbon content of diesel fuel would also
help to reduce PAH and nitro-PAH emissions as well as HC, NOx, and PM emissions

from new and existing diesels.

The maximum benefits of reducing fuel sulfur content will not be
attained unless the diesel engine manufacturers are able to plan om its reduc-
tion. In Californmia, at least, the major controversy over diesel fuel regula-
tion appears to be not whether to implement a sulfur limit, but whether an
aromatic hydrocarbon limit should be imposed at the same time. If this is in
fact the case, diesel engine manufacturers would benmefit considerably from a
firm policy statement by ARB, to the effect that either a low-sﬁlfur or a
low-sulfur/low-aromatic fuel specification will be imposed, and that low-sulfur

fuel may be used for certification in 1991.

7.3 Cost-Effectiveness of the 1994 Particulate Standard For Trucks

When the 1991 and 1994 particulate standards were originally set, it
was assumed that trap—oxidizers would be required on most vehicles in order to
comply with- the the 1991 standard. The additional cost of increasing trap-
oxidizer efficiemecy to comply with the 1994 standard was therefore assumed to
be small. It now appears, however that most heavy-duty diesel engines will not
require trap oxidizers in order to meet the 0.25 g/BHP-hr in 1991, but that all

engines would require traps to meet the 1994 standard. Under these
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circumstances, it is reasonable to question whether the 1994 particulate limit

is still cost-effective.

The actual emissions reduction resulting from any particular emis-
sions regulation, and thus its cost-effectiveness, cannot be calculated from a
comparison of emissions standards alone. Instead, it should be calculated from
an estimate of the change in-use emissions that would result from the adoption
of the standard. In recent work for ARB, Radian estimated the in-use emission
factors for different classes of heavy-duty diesel trucks of different model
years under a variety of assumed I/M scenarios (Weaver and Klausmeier, 1987a).
By comparing the in-use emission factors estimated for the 1993 model year
vehicles (which were assumed to comply with the 0.25 g/BHP-hr standard) and the
1994 wvehicles (assumed to comply with the 0.10 g/BHP-hr standard), it is

possible to estimate the reduction in in-use emissions due to the 1994 standard.

Table 7-1 shows our rough calculatioms of the emissions per vehicle
under each of the two emissions standards, as well as the incremental cost-ef-
fectiveness of the 1994 particulate limit. Calculations were performed for
three different sets of in-use deterioration factors. The first set assumes no
deterioration: i.e. all vehicles perform like certification vehicles. The
second set employs our estimated deterioration factors for the case where no
heavy~duty diesel I/M program is in place. As might be expected, total emis~—
sions under this scenario are much higher. The third set employs our estimated
deterioration factors under our most effective I/M scenario. Emissions in this
case are substantially lower tham in the no I/M case, but still much higher

than the no-deterioration scenario.

The annual costs of meeting the 1994 standard were taken as equal to
the annual cost per vehicle for the lowest cost trap-oxidizer system (from
Table 5-3). However, some heavy-duty vehicles would require trap-oxidizers or
catalytic converters to comply even with the 1991 standards. In developing the
emissions factors in Weaver and Klausmeier (1987a), we assumed that 10 percent

of heavy~heavy trucks, 30 percent of medium-heavy trucks, and 50 percent of
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TABLE 7-1. COST;EFFECTIVENESS OF THE 1994 PARTICULATE STANDARD

LIGHT- MEDIUM- HEAVY -
HEAVY HEAVY HEAVY
COSTS PER VEHICLE
Percent with Cat. Converter
at 0.25 g/BHP~hr 502 50% 407
"at 0.10 g/BHP-hr 0% 0% 0%
Percent with Trap-Oxidizer
at 0.25 g/BHP-hr 502 30% 10%
at 0.10 g/BHP-hr 1002 100% 100%
Annual Cost
Cat. Converter $40 $70 $213
Trap-Oxidizer $84 5216 $528
NET CHANGE IN AVG. COST/VEHICLE 522 $116 $390
EMISSION REDUCTIONS PER VEHICLE
Emigsion Fac mile
No _deterioration
at 0.25 g/BHP-hr 0.21 0.48 0.68
at 0.10 g/BHP-hr 0.07 0.17 0.25
With Deterioration--No I/M
at 0.25 g/BHP-hr . 0.81 1.68 2.10
at 0.10 g/BHP-hr 0.62 1.43 1.57
With Deterioration~-Best I/M
at 0.25 g/BHP-hr 0.44 1.00 1.44
at 0.10 g/BHP-hr 0.25 0.57 0.77
Avg. Annual mileage 15,000 30,000 70,000
Total Emissions (1b/vehicle-vear
No deterioratiom
at 0.25 g/BHP-hr 6.9 31.7 104.8
at 0.10 g/BHP-hr 2.3 11.2 38.5
With Deterioration--No I/M 4
at 0.25 g/BHP-hr 26.8 111.0 323.8
at 0.10 g/BHP-hr 20.5 94.5 242.1
With Deterioration-—Best I/M
at 0.25 g/BHP-hr 14.5 66.1 222.0
at 0.10 g/BHP-hr 8.3 37.7 118.7
COST-EFFECTIVENESS OF 1994 STANDARD ($/TON PM)
No deterioration $9,607 811,349 811,760
With Deterioration—--No I/M 87,079 514,073 $9,541
With Deterioration——Best I/M $7,079 $8,182 $7,548
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light-heavy trucks wouid~require trap-oxidizers at 0.25 g/BHP~hr. Another 40
percent of heavy-heavy trucks, 50 percent of medium-heavy trucks, and 50
percent of light-heavy trucks were assumed to require catalytic converters.
Subtracting the credit for trap-oxidizers that were already in place and
catalytic converters that were no longer needed, gave the net change in average

cost per vehicle shown in Table 7-1.

The cost-effectiveness values calculated under each scenario are
shown at the bottom of Table 7-1. The costs per ton of diesel particulate
removed in the no deterioration case range from $9,600 to about $11,800 per
ton. This is toward the high end of the cost-effectiveness range for existing
particulate control measures. Surprisingly, the cost-effectiveness for two of
the truck classes is better under the no I/M scenario than the no-deterioratiomn
scenario. Widespread tampering and disablement of trap-oxidizers were pro jected
under this scenario, and this was expected to increase the costs per ton
substantially. This effect was offset, however, by the fact that those traps
which were not tampered with would intercept a large part of the excess PM
emissions resulting from other types of defects, resulting in a greater net

emigssions reduction than for the no-deterioration case.

The best I/M program was projected to greatly reduce the incidence of
tampering with traps, while having a lesser effect on other sources of excess
emigssions. Thus, the net emissions reduction due to the traps in this case is
even greater than in the no I/M case, and the cost-effectiveness is proportion-

ately better.

Based on these rough calculations, it appears that the cost-effec-
tivenegs of the 1994 particulate standard may be reasonably comparable to that
of other PM control measures that have been undertaken. Both the PM reduction
and the cost-effectiveness of the standard would be improved by a vigorous I/M
program. The reader is cautioned, however, that these numbers are based on
numerous unprovable assumptions, and that a change in any of the key assump-

tions could dramatically change the results. As an extreme example, if all
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engines were able to cémﬁiy with the 0.25 g/BHP-hr standard without needing
either traps or catalytic converters, the calculated cost per ton of particu-—
late control for light-heavy duty vehicles would quadruple. For medium heavy
vehicles, the cost would nearly double, while for heavy-heavy vehicles it would
increase about 35 percent. We recommend that the cogst—effectiveness of the
1994 standard be considered once again in about 1990, when more data on emis—

sion technology for the 1991 standard will be available.

7.4 Catalyst Desirability

As noted in Sections Five and Six, catalytic trap-oxidizers and/or
catalytic converters on diesel vehicles can markedly reduce emissions of
particulate SOF, as well as toxic air contaminants such as PAH, nitro—PAH,
aldehydes, and aldehydes. They are also effective in reducing gaseous HC, CO,
and odor emissions. While diesel HC and CO emissions are much lower than those
from gasoline engines, it would be desirable to reduce them still further.
Many people consider diesel odor a significant nuisance, and it undoubtedly
reduces the quality of life in urban areas. Reducing SOF and particle-bormne
toxic air contaminants were major reasons for adopting particulate mass emis—

sions regulations in the first place.

Rased on the discussion in Section Six, it appears that a diesel
catalytic converter may be a relatively cost alternative to a trap-oxidizer,
for particulate standards in the 0.20 to 0.25 g/BHP-hr range. Such a system
would likely result in a greater reduction in particulate SOF and carcinogen
emigssions than would a non-catalyzed trap—oxidizer. For lower particulate
emissions levels, a trap—oxidizer is required. Adding a precious metal cata-—
lyst coating to a trap would then be relatively inexpensive, and would markedly
reduce SOF and carcinogen emissions, as well as gaseous HC, CO, and odor.
Either of these approaches would require the use of low sulfur fuel, in order
to minimize particulate sulfate formation. Low-sulfur fuel will be required to

meet the 1994 particulate standard in any case, however.
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ARB should consider, therefore, the possibility of adopting an
oxidation catalyst requirement for diesels, either instead of or in additiom to
the 1994 particulate standard. One way of doing this would be to establish HC
and/or CO emissions standards for diesels at a much lower level than for
gasoline engines. Another approach would be to regulate PAH and/or SOF emis-
sions directly, but these would introduce significant measurement difficulties.
A detailed analysis of the cost and cost-effectiveness of any of these require-
ments is beyond the scope of this report. It is recommended that such an

analysis be conducted, however.
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8.0 FEASIBILITY OF LOWER NOx STANDARDS

One purpose of the research under this task was to evaluate the

feasibility of a NOx emissions standard lower than the 1991 level of 5.0

'g/BHP-hr, while continuing to comply with the 1994 PM standard of 0.1 g/BHP-hr.

Further NOx reductions are limited by the tradeoff between _NOx and PM
emissions, and by a similar tradeoff between NOx and fuel economy. As
injection timing is retarded further and further to reduce NOx, fuel consump-
tion and PM emissions increase. Eventually, an incipient misfire condition
occurs, resulting in a very rapid increase in fuel consumption, HC, and PM,
With current technology engines, point of rapid PM and HC increase occurs at a

Nox level of about 3.5 to 4 g/BHP-hr.

Figure 8-1, taken from an earlier report by one of the authors, shows
the relationship between NOx emissions and fuel economy for a number of heavy-
duty diesel engines. This relationship is shown for engines with both conven-
tional and electronicall& optimized fuel injection timing. As this figure
shows, electronic controls are able to minimize the adverse effects of retarded

timing down to about 5.0 g/BHP-hr NOx. Further NOx reductions result in a very

rapid fuel consumption increase.

Figure 8-2, taken from the paper by Cartellieri and Wachter (1987)
shows the NOx/PM tradeoff for a number of variations on AVL's ultra-low emis-
sions development engine. Again, the rapid increase in emissions is apparent
below about 4.4 g/BHP-hr NOx. Since the AVL engine represents the current
state of the art in diesel emissions control, it can be stated that current
emission control technology does not permit a NOx standard below about 4.5

g/BHP—hf'without gerious degradation of PM emissions and fuel economy.

The increase in PM emissions due to a lower NOx standard can be
controlled to some degree by the use of a trap-oxidizer. Since it now appears
that trap-oxidizers will be fequired to meet the 1994 PM standard in any case,

it has been argued that a lower NOx standard could be accommodated at little

cost by a simple increase in trap-oxidizer efficiency. This would be possible
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NOx-PARTICULATES TRADE-OFF
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only to only a very 1iiited extent, however. At the very low engine-out PM
levels of current development engines, most of the particulate matter emitted
consists of heavy hydrocarbons and sulfates. Existing traps are comparatively
ineffective in collecting these materials, so that the trap's efficiency
(measured as PM out over PM in) is reduced. Thus, manufacturers may be hard
pressed to meet a 0.10 g/BHP-hr standard using traps, even with PM emissiomns in
the 0.2 to 0.3 g/BHP-hr range. Any marked increase in PM emissions would make

it nearly impossible to meet the 0.10 g/BHP-hr PM standard.

Advanced technology——Two emissions control technologies show sub-—

stantial promise for improving the NOx/PM and NOx/fuel econcmy tradeoffs, thus
making a much lower NOx standard feasible. The first of these is the reduced
initial rate of injection (RIRI) technique discussed in Section 4.1.1. The

second is exhaust gas recirculation (EGR), discussed in Section 4.1.4.

As discussed in Section 4.1.1, data from a single-cylinder research
engine on the effects of RIRI showed a remarkable impact on NOx emissions, at
very little cost in fuel economy or PM emissions. If these research engine
data can be successfully translated to multicylinder production engines, a NOx
standard in the 2.5 to 3.0 g/BHP-hr range would might not be out of reach.
Extrapolation from such limited data is perilous, however—-much more informa-
tion on the RIRI technique and its effects will be needed before such a stan—

dard could be established.

The use of EGR could also have a major impact on NOx emissions, with
minimal degradation in fuel economy and PM. As discussed in Section 4.1.4,
regearchers at Ford were able to reduce NOx emissions from a light—duty DI
engine by more than 50 percent (to about two g/BHP-hr im light-duty test cycle)
using an optimized EGR schedule, while maintaining PM emissions comparable to
light—duty IDI engines Qithout EGR. EGR would be less effective in a heavy-
duty engine, due to their more heavily loaded test cycles. The available data
suggest that NOx emissions in the 3-4 g/BHP-hr range might be achievable

without greatly degrading fuel economy or PM emissions, however.
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The major drawback to EGR is its detrimental effect on eﬁgine dura-
bility and maintenance costs. The reasons for this effect are not well under-
stood, however. Some data (and some manufacturers) suggest that the sulfur
dioxide in the exhaust is the major culprit, while others focus on the role of
recycled carbon particles. If sulfur is the major problem, its effects could
be greatly reduced by the use of low-sulfur fuel--a measure which will probably
be required for the 1994 PM standard in any case. If recyecled carbon is the
problem, its effects should be virtually eliminated by taking the recyle stream
after the trap—oxidizer. Thus, EGR's effects on engine wear might be greatly

alleviated by emission control measures undertaken for other reasons.

More research is needed to establish the real causes and potential
cures for excessive engine wear due to EGR. Because of their strong aversion
to EGR in any form, this research is unlikely to be performed (or, if per-—
formed, made available) by the major engine manufacturers. Some public funding

of research in this area would be appropriate, therefore.

The available data suggest that either the RIRI technique or EGR (or
possibly both together) could make it possible to achieve a 'NOx emissions
standard substantially lower than 5.0 g/BHP-hr without significantly degrading
fuel economy or other emissions. More research and development is required in
order to establish whether this potential can actually be achieved, and what
specific NOx emissions levels are achievable. We recommend that this issue be
reexamined in about 1990, with a view to establishing a new NOx standard, if

warranted, for the 1994 model year.
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EXECUTIVE SUMMARY

The legal and regulatory requirements for the use of California-
certified engines in heavy-duty vehicles are surrounded by a great
deal of confusion. Health and Safety Code Section 43151(a) states:

"No person who is a resident of, or who operates an established
place of business within, this state shall import, deliver,
purchase, rent, lease, acquire. or receive a new motor vehicle,
new motor vehicle engine, or motor vehicle with a new motor
vehicle engine for use, registration, or resale in this state
unless such motor vehicle engine or motor vehicle has been
certified pursuant to this chapter. No person shall attempt or
assist in any such action." (emphasis added)

ARB’s informal policy requires that any heavy-duty vehicle registered
in California, or which accumulates more than 25 percent of its annual

mileage in California, must use a California-certified engine.
However, this policy has not been communicated effectively to the
dealer community, and is not presently being enforced.

The use of California-certified engines is intended to be enforced
through the vehicle registration process. Two types of registration
are available for heavylduty vehicles: "in-state" and "appbrtioned".
In-state registration is the same as that for light-duty vehicles,
except that heavy-duty vehicles do not require Smog Certificates. To
register a new light or heavy-duty vehicle in-state requires a dealer
certification that the vehicle meets California emissions standards.
DMV does not check that these certifications are true, however.

A "used" vehicle brought from out-of-state may be registered in
California if it meets Federal emissions standards. A "used" vehicle
is defined as one whose odometer shows at least 7,500 miles. Since
this is 7,500 miles is less than one month’s mileage for a typical
line-haul truck, there is significant opportunity for abuse. Both
direct and indirect evidence indicates that such abuse is common. In
one scheme, the truck is "sold" to an out-of-state dummy firm, which
"leases" it to the buyer for a month or two while it accumulates the
needed mileage. The buyer then "buys" it "used" from the dummy firm.

"Apportioned" vehicles are registered under the International
Registration Plan (IRP). California, 36 other states, and the
Canadian province of Alberta are signatories to this agreement. Under
this program, vehicles may register or "baseplate" in any state where
the owner has a place of business, while basing and operating freely
in any of the signatory states. Fleets are required to keep track of
the mileage accumulated in each state, and to report it at the end of
the year. These data are used to determine each state’s pro rata
share of the registration fees.

At present, DMV maintains no control at all over the certification
status of vehicles registered under the IRP. Engines for these
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vehicles do not require even Federal certification. This is due to
the flexibility of the IRP--non-complying vehicles refused
registration in California could simply baseplate elsewhere, while
continuing to base and run within the state.

Conclusions and Recommendations

In-state registration--The present policy for in-state registrations
is workable, and appears to have been reasonably successful, despite
the a general lack of enforcement for heavy-duty vehicles. The
following changes would improve its effectiveness. '

- Institute procedures for confirming that vehicles certified by
the dealer as meeting California emissions standards actually
do so. Approaches include checking the VIN against
manufacturers data, spot physical inspections, and periodic
audits.

- Change the definition of a "used" medium-heavy or heavy-heavy
duty vehicle to require that it be at least two years old.

- Institute checks of certification status and emissions control
functioning as part of the inspection required for used heavy-
duty wvehicles. :

A field study is also recommended to determine Whéther any significant
number of heavy-duty vehicles are operating with expired or improper

registrations, and the effects of this operation on emissions status.

Apportioned (interstate) registration

Under present DMV policy, vehicles registered under the Interstate
Registration Plan are mot required to meet any emissions standards--
not even Federal certification. Because of the flexibility inherent
in the IRP, neither the current ARB policy nor a strict application of
the current law is likely to be very effective in promoting the use of
California engines in these vehicles. Either policy would tend to
encourage truckers to register out-of-state, and to purchase used
vehicles for use in California. This could possibly degrade air
quality rather than improving it.

An alternative approach which would avoid these perverse incentives
would be to require truck fleets having significant activity in
California to accumulate a large fraction of their California mileage
using California engines. For example, any fleet travelling more than
one million miles (or 50 percent of its total miles, whichever is
less) in Califormia could be required to demonstrate that 80 percent
of this mileage was accumulated with California engines. This
requirement could be enforced through the existing mileage-reporting
structure of the IRP. A statutory change would be required te
implement this approach.
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1.0 INTRODUCTION

Sierra Research and its subcontractor, Radian Corporation, are
investigating a number of issues relating to excess motor-vehicle
emissions under contract No. A5-188-32 with the California Air
Resources Board. Task One under this contract is a study of heavy-
duty diesel control options. This Task includes four subtasks (A-D),
of which the first three were covered in a previous report (Weaver and
Klausmeier, 1987). Issues examined in that report included technology
for diesel emissions control, and fuel quality. The final subtask in
Task One was a study of enforcement alternatives for heavy-duty
engines, aimed at increasing the fraction of trucks operating in
California that are equipped with engines meeting California emissions
standards. This report presents the results of that final subtask.
Although addressed primarily to heavy-duty diesel vehicles, the
results of this subtask are applicable to heavy-duty vehicles powered

‘by gasoline and other fuels as well.

1.1 Background

Diesel trucks and buses emit significant quantities of oxides of
nitrogen (NO_), particulate matter (PM), and unburned hydrocarbons
(HC); both in California and in the United States as a whole. 1In
order to control these emissions nationwide, the U.S. Environmental
Protection Agency (EPA) first established emissions regulations for
smoke opacity from these engines in 1970. The first regulations
limiting HC, CO, and NO_ emissions from heavy-duty diesel engines
were established by ARBY These regulations went into effect in
California on January 1, 1973. Identical standards promulgated by EPA
took effect in the rest of the U.S. in 1974. Both the ARB and EPA
emissions limits have been tightened several times since 1974, and
regulation of PM emissions was added beginning in 1988. Table 1.1
shows the Federal and California emissions standards in effect for

heavy-duty diesel engines since 1973, along with those scheduled for
future years.

Since 1975, California’s NO_ emissions standard has been significantly
lower than that set by EPA,xrequiring the development and
certification of separate "California-model" engines. Because of the
resulting burden on industry, California and Federal emissions
standards were to have been "aligned" in the 1988 model year. EPA's
standards for model year 1988 originally specified 6.0 g/BHP-hr NOx
These limits were promulgated by EPA in 1985, and adopted by ARB in
April, 1986. ARB relaxed its 5.1 g/BHP-hr NO_standard to match the
Federal standard, while simultaneously adoptiﬁg the Federal PM limit
of 0.6 g/BHP-hr.

This alignment was frustrated by a recent Federal court decision,
which resulted in a two year delay in implementing EPA’'s NO_ standard
(the 6.0 g/BHP-hr standard for California was not affected §y this
decision). As a result, Federal and California emissions standards
will not be fully aligned until the 1990 model year. Both sets of
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standards are then scheduled to undergo substantial tightening in
1991, and again in 1994,

In the past, effective enforcement of more stringent California
standards has been difficult. The application of California emissions
requirements to trucks operating in interstate commerce has been an
area of significant confusion. As a result, few such trucks have used
California-certified engines. The possible sale of new or nearly-new
Federal trucks as "used" vehicles in California is also of concern.

Because of California’s lower NO_standards, California engines are
often inferior in fuel economy and power output and higher in cost
than similar engines calibrated to meet the Federal emissions
standards. Thus, truck purchasers have had an incentive to avoid the
use of California engines where possible, and it appears that many
have been successful in doing so. In addition, California-based
trucking firms have argued that the more stringent regulations impose
additional costs on them, placing them at a competitive disadvantage
with out-of-state firms.

Enforcement problems contributed to the 1986 decision to align the
California heavy-duty emissions standards with the Federal ones.
However, ARB retains the option to establish standards at a lower
level, if this is found to be necessary and feasible. Should this
happen, the question of how to enforce the use of California rather
than Federal engines would again become important,

1.2 Qutline of the Report

This report is divided into six sections, of which this Introduction
is the first. Section Two describes the legal basis for requiring the
use of California-certified engines, and present ARB policy concerning
that use. Since the primary vehicle for enforcing this requirement is
through the registration process, Section Three discusses present
vehicle registration policies and options for heavy-duty vehicles, and
their enforcement,

A key conclusion of this report is that - due to inadequate
communication of the current policies - many heavy-duty truck dealers
are operating under misconceptions concerning certification
requirements. Section Four summarizes our discussions with dealership
personnel at four local dealerships, and their current practices and
understanding. Section Five contains our analysis of the situation
and our recommendations and conclusions. Section Six is a
bibliography of references cited.

I1-3



2.0 LEGAL BASTS AND ARB POLICY

The basic statutory language regarding requirements for the sale and
use of California certified heavy-duty engines appears in Health and
Safety Code Sections 43151 through 43153. As stated in 43151(a):

"No_person who is a resident of, or who operates an established
place of business within, this state shall import, deliver,
purchase, rent, lease, acquire, or receive a new motor vehicle,
new motor vehicle engine, or motor vehicle with a new motor
vehicle engine for use, registration. or resale in this state
unless such motor vehicle engine or motor vehicle has been

certified pursuant to this chapter. No person shall attempt or
assist in any such action." (emphasis added)

Based on this language, it would certainly appear that California-
certified engines are required in all heavy-duty trucks used in
California by individuals or organizations who have a "place of
business" in California. 43151(d) further defines "established place
of business" as "a place actually occupied either continuously or at
regular periods.™

Notwithstanding the above language, there are many heavy-duty trucks
operated in California, by California businesses, that are not
equipped with California-certified engines. This practice is defended
based on the language of Section 43153 which prohibits anyone engaged
in "selling", "renting or leasing" from supplying non-California
certified engines to someone who does business in California, when the
engines are "intended primarily for use or for registration in this
state." (emphasis added)

Section 43151, which applies to users of engines, does not put a
threshold value on "use" of an engine in California, but 43153, which
applies to sellers of engines, seems to limit the requirement for

California engines to those which are "primarily" used in California.
. & P Yy

Certain users of heavy-duty engines have asserted that, read in
context, the prohibition against the use of non-California engines
applies only to engines which are used "primarily" in California.

Furthermore, "primarily" can be interpreted differently by different

people. Does "primarily" mean more than 50 percent? Or does
"primarily" mean that California is the state where the engine
receives it "prime" or principal use compared to any other state? If
a California trucking firm was operating only in California, Nevada,
and Arizona and accumulated 40 percent of its miles in California and
30 percent of its miles in each of the other states, would California
engines be required?

In response to these and similar questions, ARB has developed an
informal policy as to which heavy-duty vehicles must use California
engines. This policy states that any heavy-duty vehicle registered in
California, or which accumulates more than 25 percent of its annual
mileage in California, must use a California-certified engine (Kayne,
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1988). The registration provision is apparently intended to include
both intra-state registered vehicles and those operating with
California baseplates under interstate apportionment agreements (these
agreements are discussed in Sectiom Three).

Unfortunately, the implementation of this policy suffers from several
problems which have rendered it essentially irrelevant for interstate
trucks. First, and most serious, is the fact that it has not been
communicated effectively to the truck dealer and user communities, or
to DMV. None of the four truck dealers contacted during this study
were aware of any such policy, nor was the California Trucking
Association, nor were any of the DMV staff contacted. As a result,
truck dealers are currently working under another--very different--set
of policy assumptions. These are discussed in Section Four.

A second, and related problem is that the policy is not enforced.
Although ARB in-use enforcement staff conduct occasional checks of
truck fleets for tampering, etc., they have not inspected a diesel
fleet for more than two years (Madlock, 1987). Although inspections
are scheduled to resume in the near future, there are presently no
plans for these inspections to include certification checks. Neither
the CHP nor the DMV currently attempts to enforce this policy, being
unaware of it. In addition, for reasons discussed in Section Five,
this policy would be very difficult to enforce in its present form.
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3.0 HEAVY-DUTY VEHICLE REGISTRATION POLICIES

Presently, the primary means of enforcing California certification and
related requirements is through the registration process, administered
through the Department of Motor Vehicles (DMV). This section
describes the vehicle registration options for heavy-duty vehicles,
the registration procedure, enforcement mechanisms, and related
topics. As will become clear in the discussion which follows, these
procedures do not presently provide assurance that vehicles required
to be equipped with California engines are in fact so equipped.
Suggestions for improvements in the procedures will be presented in
Section Five.

Light-duty vehicles are registered in their state of origin, and
permitted to pass freely throughout the U.S. and Canada without paying
further fees or taxes. In contrast, heavy-duty trucks and buses have
long been subject to a complex set of rules, regulations, and fees
imposed not only by their state of registration but also by most of
the other states and provinces through which they pass. In the past,
this required interstate truckers to obtain permits and pay fees in
nearly every state in which they operated. The cost and
administrative burden involved in so doing placed a heavy burden on
the trucking industry.

‘This complex patchwork of regulations and fees is in the process of

being supplanted by interstate registration agreements for heavy-duty
vehicles. These agreements typically provide either for reciprocity
or for apportionment of registration fees, based on the mileage
travelled within each state.

California presently maintains reciprocity agreements with 12 states,
the District of Columbia, and six Canadian provinces (DMV, 1986).
Vehicles bearing license plates from any of these entities may operate
freely in California, and vice versa.

California is also a party to bilateral (two-state) apportionment
agreements with four western states and the province of British
Columbia; as well as to the International Registration Plan or IRP.
The IRP is a multilateral agreement which currently includes 35 other
states and the province of Alberta (several more are expected to join
in the near future). Under these agreements, registration fees for
trucks "baseplated" (registered) in California are shared with other
states in proportion to the mileage traveled in each.

As a result of these programs, heavy-duty vehicles in California are
registered in two different ways. Vehicles used in interstate
commerce may register as “"apportioned" wvehicles subject to the
agreements, while those not so used must register "in-state", in the
same manner as light-duty vehicles. These two registration programs
are discussed separately below,
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3.1 In-State Registration

Any vehicle may be registered "in-state", in the same manner as a
light-duty vehicle. This is the only registration option available to
vehicles which are not engaged in interstate commerce, and the great
majority of trucks registered in California are registered in this
way. However, less than half of the large truck-tractors (which
-account for the greatest share of the emissions) are so registered
(DMV, 1987). Heavy-duty vehicles registered in-state must pay
special fees in order to operate in any other state or province
(except for those with which California has reciprocity agreements),
providing a strong incentive for trucks operating interstate to
register under the IRP instead.

Registration papers for new vehicles which are to be registered in-
[Bate are normally submitted to DMV by the dealer. These papers
require the dealer to state that the vehicle being sold complies with
California emissions standards. There is no independent verification
that this is the case, however. For gasoline-powered vehicles less
than 8,500 pounds GVW, a Smog Certificate must be submitted as well--
providing some measure of independent verification. Heavy-duty and
diesel vehicles are exempt from the Smog Certificate requirement,
however.

The requirement that a vehicle be equipped with a California engine
applies only to new vehicles being registered for the first time in
California. A "used" vehicle equipped with a 49-state engine may
legally be brought in from another state and registered, provided that
its odometer shows at least 7,500 miles. This mileage represents
somewhat less than one month’s operating time for a typical line-haul
truck. Since new trucks are typically driven, rather than carried, to
the dealer’s lot, they may arrive at the lot with several thousand
miles on the odometer already. Thus, there is a substantial potential
for abuse of this regulation, through the registration of new or
nearly-new vehicles as "used".

There is some evidence that such abuse is going on. Sierra is aware
of one particular case in which a new truck was registered out-of-
state, then "leased"” to a Califormia business for a short time while
accumulating 7,500 miles. The business then purchased it from the
dealer and registered it as "used".

There is also strong indirect evidence that this may be occurring on a
significant scale. A DMV report of truck registrations (DMV, 1987)
provides a breakdown of registration statistics by body type. This
report shows that roughly as many truck-tractors are being registered
"in-state” for the first time as "used" vehicles as are being
registered for the first time as "new" (DMV, 1987). The ratio of
"new" registrations to first-time "used" registrations for other body
types ranges from about 3.5:1 to more than 10:1. The unusually large
fraction of "used" truck-tractors coming into California strongly
suggests that truckers are exploiting this loophole to avoid the
requirement for California engines.
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3.2 Apportioned (Inter-State) Registration

California is a party to the International Registration Plan (IRP),
which establishes a mechanism for "apportioning" vehicle registration
fees between states in proportion to the mileage travelled in each.
Under the IRP, each fleet of one or more vehicles selects a state in
which to register its vehicles. This state receives the registration
forms from the fleet and provides it with license plates (the vehicles
are then said to be "baseplated" in that state). Vehicles baseplated
in any of the 36 states and one Canadian province signatory to the IRP
agreement may then operate freely throughout all of them. In the same
way, California-baseplated vehicles may operate freely in any of the
four states and one province with which California has bilateral
proration agreements.

Fleets are required to keep track of their mileage within each state,
and to report the totals for each year with their annual registration
renewal. The totals are then used to determine each state’s pro-rata
share of the registration fees for that fleet. The motor vehicle >
department in the state which receives the registration then
distributes the fees (with copies of the mileage reports) to each of
the other member states in which that fleet operated.

Presently, about 37,000 vehicles are baseplated in California under
the IRP program. Of these, roughly 26,000 are truck-tractors, 10,000
are single-unit van trucks, and 560 are buses. In addition, about
76,000 non-California baseplated vehicles (nearly all of which are
truck-tractors) operate at least part of the time in California under
this program (DMV, 1987).

A key feature of the IRP registration procedure is that there are no
regulations which require a vehicle or a fleet to be baseplated in any
particular jurisdiction. For its vehicles to be baseplated in a
particular state, a fleet must maintain "place of business" there, but
there is no requirement that vehicles based in or operating out of a
particular state be baseplated in that state. Thus, it is quite
likely that some vehicles carrying California baseplates will never
actually enter the State of California, and that other vehicles may be
based here their entire operating lives while being baseplated in
other states.

Because of this, the California DMV presently places no emissions
requirements whatsoever on vehicles registered under the apportionment
program--they are not required to have even Federally certified

engines. DMV does not presently inquire as to the type of emissions

certification (if any) possessed by each vehicle (Wilson, 1988). It
is likely that most of the trucks with apportioned registration
operating in California are equipped with 49-state or (in some cases)
50-state engines. In addition, the possibility of a significant
number of Canadian or other-model engines cannot be ruled out.
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3.3 Registration Enforcement

Enforcement of California’s motor vehicle emissions regulations is
through the vehicle registration process. There are two components to
this enforcement:

1. Ensuring that vehicles operating in California are properly
registered here; and

2. Ensuring that vehicles which are registered here comply with
California emissions regulations.

The first component is also required to ensure the collection of
registration fees by the State. As a result, it has received a fair
amount of attention and effort by DMV, CHP, and other agencies. In
spite of this effort, however, a recent CHP report (CHP, 1987)
estimates that as many as one million vehicles (5 percent of the
fleet) may be operating illegally with expired registrations; in
addition to an unknown number of vehicles which are improperly-
registered in other states. Because heavy-duty trucks are often
inspected at weigh stations, registration enforcement for these
vehicles is probably more effective than for light-duty cars and
trucks. No estimates of the fraction of heavy-duty vehicles
improperly registered are available, however.

The second component of emissions enforcement is verification that
vehicles registering in California are actually in compliance with
California regulations. This component is the responsibility of the
Department of Motor Vehicles. While DMV has invested some effort in
ensuring emissions compliance for light-duty vehicles (through the
Smog Check Program), enforcement for heavy-duty vehicles has been
lacking.

Since heavy-duty vehicles are not yet subject to the Smog Check, the
only emissions-related requirement is that they be equipped with a
properly certified engine (i.e. California-certified if registered
new; and California or Federally-certified if registered as a used
vehicle). As stated previously, DMV presently applies no emissions
requirements whatsoever te vehicles registering under the IRP. In
addition, enforcement for heavy-duty vehicles has been lax even in the
in-state registration program.

For new vehicles, the registration papers submitted by the dealexr are
required to include a certification that the vehicle meets California
emissions standards. However, DMV does not spot check or audit dealer
records to confirm that this certification is true. A DMV contact
stated that this is because DMV has never received any complaints from
consumers on this issue (Keating, 1988). Since the effect of a
dealer’s violation of the regulations would be to make available to
the consumer a desired engine and/or vehicle which he/she could not
otherwise obtain in California, it is unlikely that he/she would
complain.
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Used vehicles are required to meet either California or Federal
emissions standards to be registered in California. Used vehicles
coming into the state are inspected at local DMV offices to confirm
their identity. In the past, however, these inspections have covered
emissions certification only for those vehicles subject to the Smog
Check (i.e. light-duty non-diesel). Thus, there was no confirmation
that used heavy-duty vehicles being registered in California were in
compliance even with the Federal emissions standards. A memo
correcting this practice was scheduled to go out in February, 1988.
Some time will be required to actually implement the change in
procedures,however,

3.4 Sales Tax Collection and Enforcement

Closely related to the issue of vehicle registration is that of
collecting the sales tax due on new vehicle sales. This tax is
presently collected by DMV on behalf of the State Board of
Equalization. Tax is due on any new vehicle delivered within the
State of California, or to a California resident or buginess.
Vehicles delivered outside California, to persons not residing or
maintaining a place of business in California, are exempt from sales
tax, even when sold by a California dealer.

In addition, vehicles sold to firms engaged in interstate commerce may
be exempted from California sales tax even though the purchasing firm
maintains a place of business in California. For this exemption to
apply, the purchaser must take physical delivery of the vehicle
outside of California, and must certify that the vehicle will be used
more than 50 percent outside of California for the first six months.
After six months the vehicle can be used in California without
restriction (Day, 1988).

These certifications are checked by the State Board of Equalizationm.
Purchasers are required to submit documents to verify that usage was
primarily out-of state. The Board occasionally audits these
documents, checking the material submitted against the original logs.
In addition, the Board audits all new truck dealers every three years
to check that sales and taxes due are being reported correctly to the
State. These audits do not presently include any checks on the
certification status of the vehicles sold, but a Board of Equalization
contact indicated that such checks could readily be added to the audit
procedure (Day, 1988).
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4.0 NEW _TRUCK DEALERS; CURRENT PRACTICES AND UNDERSTANDING

Truck dealers, as the parties responsible for ordering either a
California or a 49-state engine from the factory, play an important
part in the application of these regulations. To gain some insight
into these dealers’ perceptions of the regulatory requirements and
their actual practices, Sierra contacted sales personnel at four
Sacramento-area heavy truck dealerships. Two contacts were made in
person, and two by telephone.

In each case, the staff member responsible identified himself, and
stated the purpose of the study and the fact that it was being
conducted for ARB. Thus, the answers received may not have been fully
accurate--especially as concerns potential illegal activity.
Undercover contacts might give a more realistic picture of the
situation. This would require persommel thoroughly familiar with the
trucking subculture, however.

The responses received from the four dealerships showed a generally
similar understanding of certification policies. All four dealerships
recognized that vehicles delivered in-state, for registration in-
state, required California-certified engines. Similarly, all four
stated that vehicles delivered out-of-state to out-of-state purchasers
(not residing or maintaining a place of business in California) could
legally use 49-state engines. None of the dealers contacted was aware
of the ARB policy which would require even out-of-state trucks to have
California engines if they operate more than 25 percent of the time in -
California. '

The most significant "gray area" turned up in our discussions with the
dealership personnel was in the handling of sales to interstate
trucking firms having a place of business in California. In this
case, three of the four dealerships followed the same guidelines as
for determining sales tax liability--i.e. if the truck was delivered
out-of-state and the owner certified that it would be used more than
50 percent out-of-state for the first six months, then a 49-state
engine would be allowed. The fourth dealership believed that a
California engine would be required.

It was apparent from our discussions with the three dealerships
following the "sales tax" rule that they were simply unaware of ARB's
policy in this area. In contrast, all were highly aware of the Board
of Equalization policy concerning sales tax liability. In this case,
it would appear that the Board of Equalization has been much more
effective in communicating with the dealership community than has ARB.

Our discussions with the truck dealers also touched on ways of getting
around the regulations requiring a California-certified engine. There
was a consensus that some cheating does occur, but only one believed
(or was willing to state) that the incidence of cheating is at all
significant. The simplest way to cheat would be outright
falsification (i.e. certifying that the truck has a California engine
when in fact it has a Federal engine). While this would result in
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heavy penalties if detected, the risk is fairly low, since there is
presently no independent check.

Another, more sophisticated approach is to sell a new vehicle as
"used": either by rolling the odometer forward to 7,500 miles or by
“leasing” it out-of-state (usually to the purchaser) for a short time
before selling it. Since a typical line-haul truck will accumulate
the 7,500 miles required to qualify as a "used" vehicle in less than a
month, it is even conceivable that the vehicle could operate with
temporary plates during this "break-in" period.

All of the dealership personnel contacted denied that their dealership
engaged in such activities, but the agreed that these do occur, and
one person claimed specific knowledge of such occurrences at another
dealership (this claim is corroborated by some information available
to Sierra as well). Thus, it can be concluded that some cheating in
this area does occur, but the extent and significance of this cheating
cannot be assessed from our present data.
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5.0 ANALYSTIS AND REGOMMENDATIONS

As the foregoing discussion makes clear, the present program for
enforcing the use of California-certified engines in heavy-duty trucks
and buses used in California contains some significant loopholes and
deficiencies, especially where interstate trucks are concerned. It
is not clear that any significant effort to improve this situation
would be warranted, however, since - unless EPA or ARB revise their
future emission standards - the entire issue will become moot after
1989. 1If at some future time the ARB and EPA emissions standards are
again different, then the question of enforcing California
certification would need to be addressed. This section presents our
analysis of the issues and problems involved, and presents our
recommendations for policy and enforcement procedures in the event
that this occurs. Since the issues for in-state registered vehicles
are considerably different from those for vehicles with apportioned
registration, the two cases are discussed separately below.

5.1 In-State Registration

Present policy requires that the dealer certify that the vehicle meets
California emissions standards before a new vehicle can be registered
as a non-apportioned vehicle in California. This policy appears to be
fully workable, and - based on the evidence available - reasonably
successful at present. Some modifications which could help in
improving its effectiveness are the following.

1. Close the loophole allowing 49-state heavy-heavy and medium-
heavy trucks to be imported as "used" after only 7,500 miles.
A requirement that heavy-duty vehicles be at least two years
old to qualify as "used" would effectively eliminate this
problem.

2. Train DMV inspectors to check emissions equipment, or expand
the Smog Check Program to require Certificates of Compliance
for used heavy-duty vehicles being registered for the first
time in California. For diesels, these inspections should
cover the engine certification and the presence and proper
functioning of all emissions controls.

3. Institute procedures for confirming that vehicles certified by
the dealer as meeting California standards actually do so.
This could include periodic audits of dealers, cross-checking
of engine serial numbers against manufacturer’s data, or a
requirement that the manufacturer supply a. special
certificate, which would be sent in by the dealer with the
registration application.

4. Conduct a field study to determine whether any significant
number of California intra-state vehicles are operating with
improper registration (out-of-state or apportioned plates).
Institute appropriate enforcement actions if so.
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5.2 Apportioned Registration

Current policy

Trucks with apportioned registration include both those with
California baseplates and those with non-California baseplates which
operate in California. Present ARB policy requires all trucks with
California baseplates to use California engines. This policy is not
presently enforced by DMV, however (in fact, trucks need not even have
Federallv-certified engines to register under the IRP). In addition,
ARB has considered a policy to require trucks registered outside the
state, but which accumulate at least 25 percent of their mileage in
California to use California engines as well. This policy has not yet
been formalized.

Because of the special nature of the IRP, the application of
registration enforcement programs to vehicles with apportioned
registration is very difficult, and is likely to result in unforeseen
and undesirable consequences. Since the state of registration is
chosen as a matter of convenience,. any attempt by DMV to enforce ARB’s
current policy of requiring California engines would simply result in
truck owners choosing to baseplate other states, with no benefit to
air quality.

Application of the "25 percent” policy now under consideration would
be likely to result in some increase in the use of California engines,
but would have the undesirable effect of placing smaller local and
regional shipping lines based in California at a disadvantage with
respect to the larger national lines. These local and regional lines
would have to purchase California engines, while the larger national
lines could arrange to shuffle trucks in and out of California in such
a way that no single truck accumulated more than 25 percent of its
mileage there. The ability of the large national shipping lines to
hold each trucks mileage in California below 25 percent would
significantly reduce the potential air-quality benefits from this
approach.

The application and enforcement procedures for the 25-percent policy
are also somewhat problematic. Under current statute, this
requirement could apply only to new vehicles. Thus, truck owners
would be required to estimate at the time of purchase what fraction of
each truck’s time would be spent in California. This would be
difficult both to do and to enforce. This would also introduce a
strong incentive to use only older trucks in Califormia. Since older
trucks are likely to have higher emissions, this could well have a net
negative effect on air quality.

Limitations of the current law

A strict reading of Section 43151(a) would prohibit any person
residing or having a place of business in California from purchasing
any new vehicle or engine anywhere which was not California-certified.
Since California has no jurisdiction over purchases in other states,
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however, the most that could be accomplished would be to prohibit such
vehicles from entering California. While no such policy has been
proposed, its potential effects are worth examining, as they reveal
the shortcomings of the current law.

Strict enforcement of Section 43151(a) would introduce a strong
incentive for trucking companies not to maintain a "place of business™®
in California, since truck purchases by companies without a place of
business would be unrestricted. This would likely lead to a
proliferation of specialist "terminal" companies to replace the

_ shippers’ own depots. These companies might provide truck loading,

warehousing, truck maintenance, etc. while operating no trucks of
their own. 1In addition, since the law applies only to new vehicle
purchases, it would provide an incentive to purchase vehicles used.
"Laundering"” of vehicle purchases by taking delivery out-of-state and
operating them for the minimum 7,500 miles could become common.
Application of the two-year minimum rule suggested above would
eliminate this problem, but would lead to an even greater
concentration of older trucks in California.

Recommended approach

To be effective, any policy for encouraging the use of California-
certified engines in interstate trucks operating in California must
take into account the special characteristics of this type of
operation. It should provide for the maximum feasible use of
California engines in California-based trucks, while preferably
avoiding the introduction of competitive distortions or incentives for
"shuffling" trucks from depot to depot. 1In particular, it should
avoid distinguishing between vehicles purchased new and those
purchased used.

To avoid undue interference with interstate commerce, it is desirable
that California’s policy allow for occasional deliveries into the
state by trucks with Federal engines. For maximum environmental
benefit, however, it should attempt to minimize such deliveries.
Finally, to be politically and administratively feasible, the policy
must be relatively simple, compatible with the structure of the
Interstate Registration Plan, and enforceable using available
information.

The following paragraphs outline a policy and enforcement procedure
which we believe could fulfil these requirements. Sierra’s
recommended policy would apply to vehicle fleets rather than to
individual vehicles, since fleets are the units of registration under
the IRP. This policy would be to require fleets traveling more than
about one million miles (or 50 percent of their total miles, whichever
is less) in California to ensure that at least 80 percent of those
miles are travelled by vehicles having California engines. The
specific mileage threshold and percentages cited are based on the
following rationale:
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- Fleets which accumulate 50 percent of their total miles in the
state are clearly used primarily in California. These vehicles
must be covered by California-certified engine requirements to
maintain consistency with the current statutory framework.

- Fleets which travel more than one million miles in California
are significant contributors to air pollution and are unlikely
to be owned by small businesses that would be strained by
additional air pollution control requirements. They are also
likely to have a base or place of business within California.

- Although a requirement for 100 percent of California VMT to be
accumulated using California-certified engines could be pursued
without necessarily infringing on interstate commerce, allowing
some fraction of miles to be accumulated with 49-state engines
would eliminate arguments that 100 percent use of California
engines would be impractical. By providing added flexibility,
that would also reduce the motivation to cheat.

We would expect these proposed values to be discussed in detail in the
course of any future regulatory or legislative action in this area.

One million miles is about the annual mileage accumulation for a 5 to
10 truck fleet. Thus, this criterion would include essentially all
medium-and large-sized truck fleets based in or doing significant
business in California. At the same time, the 50 percent criteriom
would include the smaller fleets based in or having a major portion of
their operations in the state. These criteria would exclude most
small out-of-state fleets not having bases in Califormia, however.

The requirement that 80 percent (rather than 100 percent) of the miles
for the affected fleets be on California engines is intended to allow
fleet managers some flexibility in scheduling (e.g. for shipments
coming in from out-of-state), while retaining most of the benefits of
requiring California engines.

Enforcement of this approach could be done through the existing IRF
registration process. Truck fleets are required to report their total
miles of operation and the fraction of total mileage in each state to
the state in which they are baseplated. California receives a copy of
each report for fleets operating in California, along with its pro-
rata share of the registration fees. From these reports, it would be
straightforward to identify fleets subject to the 80 percent rule.

A letter could then be sent to the manager of each affected fleet,
requiring him to break down the California mileage reported between
California and Federal engines. Non-responsive fleets, or fleets not
maintaining the required percentage of travel by California engines,
would be listed in the CHP’s computers, and could be cited or denied
entry to California at weigh stations and border checkpoints (in

" practice, some sort of non-conformance penalty for minor violations of
the requirement might be desirable). Honest reporting would be
confirmed by occasional audits, just as the DMV now audits the total
mileage reports submitted.
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The basic structure outlined above appears to be administratively
feasible, and would require minimal changes to the present system of
registration under the IRP. A statutory change would be needed,
however, to authorize ARB to require California engines on vehicles
in-use, rather than just new vehicles as at present. Although we are
not aware of any specific problems, a legal analysis would also be
needed to determine whether such an approach would be compatible with
California’s obligations under the IRP agreement, and - if not - what
modifications to the agreement would be required.
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EXECUTIVE SUMMARY

Inspection and maintenance (I/M) programs have been adopted by a
number of states, including California, to improve the level of emissions
control for motor vehicles in consumer use. Under California's Smog Check
Program, light-duty cars and trucks garaged in most urban areas in the state
are required to be inspected and to have their emissions checked every two
years. In this study, Radian Corporation and Sierra Research examined the
feasibility and cost-effectiveness of including heavy-duty gasoline vehicles in

the Smog Check Program.

Heavy-duty gasoline trucks can be divided into two classes: light
heavy-duty, ranging from 8,500 to about 16,000 1b. gross vehicle weight (GVW);
and medium heavy-duty, ranging from 16,001 to about 50,000 1b. GVW. Trucks
under 8,500 1b. are classified as light-duty vehicles, while those over 50,000
1b. are almost entirely diesel powered. Estimates of the potential emission
reductions due to a periodic I/M program for heavy-duty gasoline trucks were

developed separately for the medium and light heavy-duty classes.

Radian estimated the reduction in emissions due to a heavy-duty I/M
program by estimating the I/M failure rate, the reduction in emissions due to
repairs of failed vehicles, and the resulting reduction in fleet-average
emission factors. These were multiplied by total vehicle miles travelled (VMT)
to give the statewide emissions reduction. Program cost-effectiveness was .
calculated by estimating the total costs of inspections, repairs, and Smog
Certificates under the program, and dividing this by the emissions reduction.
Half of the program cost was allocated to HC reductions and half to CO; the

small Nu. reduction projected was treated as a free benefit.

The scarcity of data quantifying the emissions of in-use heavy-duty

gasoline vehicles made it difficult to derive emission factors. This study

‘relied on the emission factors for heavy-duty trucks which are used by both the

EPA and ARB. Estimates of the I/M failure rate for heavy-duty gasoline
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vehicles, and of the emission reduction due to repair of failed vehicles were
based on heavy-duty gasoline vehicle data when applicable data were available,
and on light—duty vehicle data when they were not. The growth in average
annual vehicle miles travelled by light and medium heavy-duty gasoline trucks

was estimated with the use of CalTrans data.

Emission reduction and cost-effectiveness estimates were prepared for
two future years: 1988 (estimated as the first year such a program could be in
effect) and 1995. The results of the analysis fer 1988 are summarized in Table
E-1; those for 1995 are in Table E-2. As these tables indicate, the CO reduc-
tion estimated for medium heavy—duty vehicles is significantly greater than for
the light heavy—duty class. The HC emission reductions show the same trend.
The total costs of an I/M program for medium heavy-duty vehicles are also
significantly lower, due to the smaller number of vehicles involved. Imple-
menting an I/M program only for medium heavy-duty trucks would be the most cost
effective method to reduce emissions from the heavy-duty fleet. However, the
incremental cost—effectiveness of I/M for light heavy-duty gasoline trucks
still compares very favorably with the cost-effectiveness of the current Smog

Check Program.

The estimates in Tables E-1 and E-2 were based on assumed I/M failure
rates and emissions reductions due to repairs. The assumptions used were based
on existing I/M program data wherever possible, and they are considered fairly
robust. In addition, the program was given no credit for potential emission
reductions due to reduced tampering and pré—inspection repairs because of the
program, or for reductions in evaporative emissions due to repair of evapora-
tive control systems. The assumptions made are thus——if anything--probably

somewhat conservative.

Tn order to assess the sensitivity of the results to our assumptions,
Radian calculated the cost—effectiveness and emission reductions which would
result if the actual failure rates and emission reductioms due to repair were

each only 70% as great as had been estimated. The results of these
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CORPORATION

TABLE E-1. 1988 COST-EFFECTIVENESS ANALYSIS

LIGHT HEAVY-DUTY VEHICLES

PROGRAM COST

EMISSION REDUCTION
HC
Cco

COST-EFFECTIVENESS

CREDIT FOR HC
CREDIT FOR CO

$4,300,000

3.5 TONS/DAY
36.4 TONS/DAY

$0.85 PER POUND
$0.08 PER POUND

MEDIUM HEAVY-DUTY VEHICLES

PROGRAM COST

EMISSION REDUCTION
HC
co

COST-EFFECTIVENESS

CREDIT FOR HC
CREDIT FOR CO

$2,700, 000

11.3 TONS/DAY
175.0 TONS/DAY

30.16 PER POUND
$0.01 PER POUND

COMBINED LIGHT AND MEDIUM HEAVY-DUTY VEHICLES

PROGRAM COST

EMISSION REDUCTION
HC
co

COST-EFFECTIVENESS

HC
co

$7,000,000

14,8 TONS/DAY
211.4 TONS/DAY

$0.33 PER POUND
$0.02 PER POUND




TABLE E-2. 1995 COST-EFFECTIVENESS ANALYSIS

LIGHT HEAVY-DUTY VEHICLES

PROGRAM COST $4, 600,000
EMISSION REDUCTION
HC 2.1 TONS/DAY
co 23,1 TONS/DAY

COST-EFFECTIVENESS

CREDIT FOR HC $1.48 PER POUND
CREDIT FOR CO 50.14 PER POUND

MEDIUM HEAVY-DUTY VEHICLES

PROGRAM COST $2,550,000
EMISSION REDUCTION
HC 7.0 TONS/DAY
co 93.9 TONS/DAY

COST-EFFECTIVENESS

CREDIT FOR HC $0.25 PER POUND
CREDIT FOR CO $0.02 PER POUND

COMBINED LIGHT AND MEDIUM HEAVY-DUTY VEHICLES

PROGRAM COST $7,150,000
EMISSION REDUCTION
HC 9.1 TONS/DAY
Co 117.0 TONS/DAY

COST-EFFECTIVENESS

CREDIT FOR HC $0.54 PER POUND
CREDIT FOR CO $0.04 PER POUND




calculations are shown in Table E-3. Under these alternative assumptions, the
emissions benefits would be roughly halved, and the cost per pound of emissions
eliminated would double. The resulting cost-effectiveness values still compare

favorably with those for the existing Smog Check Program, however.

To assess the feasibility of including heavy-duty gasoline trucks in
the Smog Check Program, Radian conducted a telephone survey of Smog Check
stations and heavy-duty truck repair shops in California. The survey deter-
mined their interest in the program and whether they had the physical capacity
(e.g. space, door clearances, etc,) to be able to perform Smog Checks on
heavy-duty vehicles. Eighty-four percent of the Smog Check stations surveyed
indicated they would be interested in performing Smog Checks on heavy-duty
gaéoline vehicles. The same percentage of the Smog Check stations also be-
lieved they had adequate. space to Smog Check heavy-duty gasoline trucks. The
heavy-duty truck repair stations surveyed were not interested in performing

Smog Checks on heavy—-duty vehicles.

No major modifications would be required to the current Test Analyzer
System for it to be used with heavy-duty gasoline trucks. The software cur-
rently has the capability of determining that the vehicle being tested is a
heavy-duty gasoline truck as opposed to a light—duty vehicle. The only modifi-
cations required would be the addition of a standardized menu for the make of
heavy-duty gascline truck, and the addition of cutpoints for the heavy-duty
fleet.

The heavy-duty gasoline fleet will consist of approximately 400,000
vehicles in 1988. The light-duty vehicle fleet will consist of approximately
15,000, 000 vehicles in the same year. The addition of the heavy-duty gasoline
fleet to the I/M program will increase the total number of vehicles subject to

the "Smog Check"™ by 3 percent.

The majority of repairs performed on heavy-duty gasoline trucks to

maintain or improve their engine/emission systems would exceed $50.00. 1If the
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TABLE E-3. EFFECT OF PESSIMISTIC ASSUMPTIONS ON I/M EFFECTIVENESS
ON EMISSION REDUCTION AND COST-EFFECTIVENESS ESTIMATES

Emission Reduction Program Cost Cost-Effectiveness

HC ) Cco HC CcO
(tons/day) (tons/day) (8/yr) (8/1b) ($/1b)

1988

Base estimate 14.32 211.36 $7,000,000 $0.33 30.02

Pessimistic estimate®* 7.30 103.66 $6, 400,000 $50.60 $0.04

% Change -49% -51% -8.5% +827 +86%
1995

Base estimate 9.12 116.99 57,150,000 30.54 50.04

Pessimistic estimate* 4,49 57.42 $6,500,000 $0.99 30.08

%Z Change

-51% -51% -9.1% +832 +100%

* Assumes failure rates
estimate.

and repair effectiveness each 70% as great as base
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cost ceiling were set to $100.00 then more repairs could be successfully
completed on the heavy-duty gasoline trucks. If tampering is found on a
heavy-duty truck, the cost ceiling should be waived for repairing the tampered

part.

The enforcement of the program could be done similarly to the light-
duty vehicle program. Requiring the heavy-duty vehicle owner to produce a
certificate of conformance when registering the vehicle should be a sufficient

enforcement procedure.
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1.0 INTRODUCTION

In order to protect and improve the quality of its air, the State of
California is interested in minimizing the excess pollutants from motor vehi-
cles, including heavy-duty trucks. Inspection and maintenance (I/M) programs
have been adopted by a number of states, including California, to improve the
level of emissions control for motor vehicles in consumer use. Under Califor-
nia's Smog Check Program, light-duty cars and trucks garaged in most urban
areas in the state are required to be inspected and to have their emissions
checked every two years. Vehicles showing excessive emissions, or on which
emissions control equipment is found to be missing, malfunctioning, or to have

been tampered with are required to be repaired.

California also maintains an older inspection and maintenance program
based on change of ownership. This program applies to all light and heavy-duty
gasoline vehicles, including those garaged outside the major urban areas. Some
other states, including Alaska and Arizona, have included heavy-duty gasoline
trucks in periodic inspection and maintenance programs such as the Smog Check
Program. In order to further reduce emissions from heavy-duty gasoline vehi-
cles, California is interested in including these heavy-duty vehicles in the
Smog Check Program as well. Radian Corporation and Sierra Research were
commissioned by the California Air Resources Board (ARB) to examine the feasi-

bility of including heavy-duty gasoline vehicles in the Smog Check Program.

Heavy-duty gasoline vehicles (HDGVs) are major emitters of unburned
hydrocarbons (HC) and carbon monoxide (CO). These vehicles also emit lesser
(but still significant) quantities of oxides of nitrogen (NOx). Historically,
HDGVs have been subjected to much less stringent emissions controls than have
light-duty vehicles (LDVs) such as passenger cars and light trucks. Stringent
LDV emissions standards have forced the use of oxidation catalysts on most LDVs
since 1975, and of "3-way" reduction/oxidation catalysts since 1981. Up
through i986, however, heavy-duty vehicles have not required catalytic convert-

ers to meet their less stringent regulations.

ITI-1



New Federal emissions standards taking effect in 1987 will force the
use of catalytic converters on most new light heavy-duty gascline vehicles
(those with gross vehicle weights less than 14,000 1b). With the use of these
sophisticated devices, and the possibility of their failure and/or abuse, the
potential for excess emissions from HDGVs (and thus the need for an I/M pro-

gram) will increase.

1.1 Background Information

Most heavy-duty gasoline vehicles are trucks, and most of the remain-
ing vehicles (school buses, motor homes) are specialty vehicles built on truck
chassis. The widely-used Motor Vehicle Manufacturers Association (MVMA)
classification system divides trucks into eight classes, according to the
manufacturers rated gross vehicle weight. For regulatory purposes, however,
EPA and ARB classify vehicles only as light-duty, medium-duty, or heavy-duty.
The heavy-duty classification is further subdivided into light-heavy, medium-

heavy, and heavy-heavy subcategories. Table 1-1 shows these classifications.

As table 1-1 indicates, trucks with rated gross vehicle weights (GVW)
of less than 6,000 1lbs. are considered light-duty trucks, while those with
rated GVW between 6,001 and 8,500 1bs. are considered medium-duty vehicles.
Both of these classes are included in the current Smog Check Program. Trucks
with rated gross vehicle weights greater than 8,501 1bs. are classified as
heavy-duty vehicles. Light heavy-duty vehicles are fhose in MVMA classes 2b,
3, and 4. These are primarily large pickups, vans, and specialty vehicles
built on pickup or van chassis, and are technically similar to light-duty
vehicles. The medium heavy-duty class includes MVMA classes 5 through 7 and
the lighter part of class 8 (group 1). This class includes school buses, and
most single-unit trucks. Heavy heavy-duty vehicles are those over 50,000 1b.

GVW, and are mostly tractor-trailer and double—trailer rigs.

Heavy heavy-duty vehicles are used for long-distance freight trans—

port and heavy hauling. The vehicles in this classification are almost
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TABLE 1-1. MVMA CLASSIFICATIONS

Rated
MMVA Gross Vehicle Weight
Class (GVWW, 1bs) Classification
1 0-6000 Light-Duty Vehicle
2a 6,001-8,500 Medium-Duty Vehicle
2b 8,501~10,000 Light Heavy-Duty
3 10,001-14,000 Light Heavy-Duty
4 14,001-16,000 Light Heavy-Duty
5 16,001-19,500 Medium Heavy-Duty
6 19,501-26,000 Medium Heavy-Duty
7 26,001-33,000 Medium Heavy-Duty
8, Group 1 33,001-50,000 Medium Heavy-Duty
8, Group 2 50,001-80, 000 Heavy Heavy-Duty
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entirely diesel powered and will not be included in this study. The medium
heavy-duty class was primarily gasoline powered, but is slowly being converted
to diesel power. Until recently, the light heavy-duty class was exclusively
gasoline-powered, but an increasing number of diesel vehicles are being

introduced in this class as well.

The dieselization of these classes is occurring for a number of
reasons. Recently, diesel engines have been developed specifically for use in
light and medium heavy-duty vehicles. As the emission regulations for
heavy-duty gasoline engines have become more stringent, many individuals feel
these standards have reduced the efficiency and durability of gasoline-powered
heavy-duty vehicles. Because of perceived advantages in durability, fuel
economy, and maintenance costs, diesel-powered wvehicles are beginning to
inerease their sales fraction in the light and medium heavy-duty vehicle

classes.

Emissions Regulations for Heavy-Duty Gasoline Engines

Engines used in heavy-duty vehicles are regulated separately from the
vehicle itself. Once the engine is certified as complying with regulatioms, it
can be used in any GVW class of heavy-duty truck. Emissions are measured while
operating the engine over a specified test cycle on an engine dynamometer. The
work done by the engine during the test is also measured. The emissicns from
the engine are reported in grams of pollutant per unit of work done (gm/BHP-
br). The emission standards for heavy-duty gasoline truck engines are speci-—

fied in gm/BHP-hr.

Since emissions data for heavy-duty gasoline engines is typically
reported in gm/BHP-hr and not gm/mi, these data cannot be used directly to
calculate and predict the emissions from the heavy-duty truck fleet. In order
to use the emission data generated from the engine dynamometer, the data must
be converted to grams of pollutant per mile of vehicle travel. To do so, the
work required to move the heavy-duty truck per mile travelled needs to be

known. The work required to move the truck one mile (BHP~hr/mile) is known as
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the conversion factor. It is different for each size class of heavy-duty

trucks.

1.2 Technical Approach

Estimates of the emission reductions due to implementing a periodic
I/M program for heavy—duty gasoline trucks (HDGT) were developed sepérately for
the light and medium heavy-duty gasoline truck categories. These reductions
were estimated by combining estimates of current in-use emission factors for
the heavy-duty gasoline truck fleet, the I/M failure rate that would be
experienced by these vehicles, the reduction in emissions from failed vehicles

due to repair, and the average annual VMT for each category.

The scarcity of data quantifying the emissions of in-use heavy-duty
gasoline vehicles made it difficult to derive emission factors. This study
relied on the emission factors for heavy-duty trucks which are used by both the
EPA and the ARB. These values afe based on estimates prepared by the EPA
staff, based on a limited number of engine dynamometer tests. Deterioration
rates for the heavy-duty gasoline truck fleet were calculated using light-duty
vehicle deterioration rates as the basis. These may or may not be representa-
tive. The HDGV emission factors used were initially reported in gm/BHP-hr
(EEA, 1985). These factors were then converted into gm/mi using conversion

factors developed by EPA (Smith, 1984).

Estimates of the I/M failure rate for heavy-duty gasoline vehicles,
and of the reduction in emissions from failed vehicles due to repair were based
on HDGT data when applicable data were available, and on LDV data where they
were not. Data for pre-1979 HDGTs came from a Radian Corporation study in New
York, dome in 1981, The data from this study were used to estimate I/M failure
rates and emission reductions for 1974 and earlier model California HDGTs
(emission controls were required earlier on California than on Federal en-
gines) . "For 1975 and later model trucks, surrogate data from LDV I/M programs

(for cars with similar emissions controls) were used to estimate the emission
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reductions due to repair. I/M failure rates for these years were estimated
from failure rates in the Anchorage, Alaska HDGT I/M program. Failure rates

from the Portland HDGT I/M program were also reviewed.

The average annual vehicle miles travelled (VMT) by light and medium-
heavy gasoline trucks were estimated with the use of two different data sourc-—
es. In 1983 a study was undertaken to estimate the average daily vehicle miles
travelled (DVMT) of the heavy-duty truck fleer (Pacific Environmental Services,
1985). The results of this study were used to establish base-year UMT. Future
growth in VMT, and the breakdown of total VMT by model year, were calculated
using data from the CalTrans transportation planning model (California Depart—

ment of Transportation, 1986).

To assess the feasibility of including heavy-duty gasoline trucks in
the Smog Check Program, Radian conducted a telephone survey of Smog Check
stations and heavy-duty truck repair shops in California. The survey
determined their interest in the program, and whether they had physical
capacity (e.g. space, door clearances, etc.) to be able to perform Smog Checks
on heavy-duty vehicles. This survey also requested data on labor rates charged
for heavy-duty vehicle repairs. These data, along with industry time guides
and other sources, were used to calculate typical repair costs. The cost-ef-
fectiveness (cost per pound of pollutant eliminated) of extending the Smog
Check Program to heavy—duty vehicles was also estimated. In addition, Radian
and Sierra examined the specifications for the existing TAS analyzers used in
the Smog Check Program to determine what hardware and software modifications

would be required.

1.3 Limitations and Caveats

The estimates of baseline emissions and of the emissions reductions
due to repair of failed vehicles are based on limited data, not all of which
may be fully applicable. Estimates of the average cost of repairs are also

quite uncertain, given the limited data available on I/M for these vehicles.
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For light-duty vehicles, extensive (and expensive) studies have been undertaken
by EPA and ARB to measure I/M program effectiveness and the reduction in
emissions which could be expected. Only one such study has been undertaken to
date for heavy-duty vehicles, and that study (performed by Radian in 1981)
included only 1978 and older trucks. Thus, the estimates presented here, while

based on the best data available, can be considered only approxzimate.

1.4 Qutline of the Report

Section Two presents our estimates of the emission reductions which
would result from a HDGT I/M program. Discussion of the base emission factors
used, expected failure rates, improvements in emissions due to repairs, and the
fleet reduction in emissions due to I/M can be found in this section. Section
Three discusses the feasibility of implementing an I/M program for HDGTs. The
results of Radian's survey of Smog Check stations, he&vy¥duty truck repair
facilities, and heavy-duty fleet operators are presented in this section.
Estimated repair costs, changes to the Test Analyzer System, and the cost-ef-
fectiveness of a HDGT I/M program are also discussed in Section Three. Section
Four reviews the administrative issues, implementing the changes to the TAS,
determining the emission standards, cost limits, and enforcement of the HDGT

I/M program.
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2.0 ASSESSMENT OF POTENTIAL EMISSION REDUCTIONS

This section presents the methodology and data used to predict the
potential emission reduction due to the implementation of an I/M program for
heavy-duty gasoline vehicles. The approach used to predict the emission
reduction is described first. The specific data used in calculating the
emission reduction are then discussed. Finally, the results of these calcula-

tions are presented and discussed.

:he methodology used to predict the potential emission reduction is

straightforward. The following four general types of data are required:

. emission factor data (grams/mile) for the present and future

HDGV fleets;

. estimates of the I/M failure rate that would be experienced by

these fleets if an I/M program were instituted;

° estimates of the percentage reduction in exhaust emissions from

failed vehicles due to repair; and
® the total vehicle miles travelled per year,

Estimates of the I/M failure rate and the emission reduction from repair are
combined to determine the percentage reduction in fleet-average emissions due
to the I/M program. When combined with the emission factor, the percentage
reduction is converted to a gram/mile reduction. Finally, the truck VMT is
used to estimate the total mass reduction in emissions. No attempt is made to
account for the deterrent effects of the program or for effects on evaporative
emissions. Given the level of technology involved, these effects are consid-

ered to be small.
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2.1 Emission Factors For Heavy-Duty Gasoline Trucks

EPA estimates of the HDGT emission rates were used for this analysis
(Energy and Environmental Analysis, January, 1985). In EPA's analysis, average
emissions are considered to increase linearly with accumulated mileage. The
EPA estimates consist of a zero mile rate and a deterioration factor, which are
the intercept and the slope, respectively, of the emissions line., Table 2-1
1ists the zero mile rate and deterioration factor used for each model year in

calculating the emission reduction for 1988.

California began regulating emissions from HDVs in 1973. The regula-
tions for model years 1973 and 1974 were exactly the same; however, the values
for the zero mile emission rate and deterioration factor published by ARB
(California Air Resources Board, 1986) are not the same for these two years.
It would seem that these values should be the same, or quite similar. At ARB's

request, however, Radian used the ARB wvalues for this study.

Table 2-1 also shows the accumulated vehicle mileage assumed for each
model year. The mileage data was obtained from ARB's EMFAC7C model (California
Air Resources Board, 1986). These estimates were used to calculate the emis-—
sion rates for each model year in calendar year 1988. Table 2-2 lists the

emission rates calculated for each model year.

The emission rates shown in Table 2-2 are given in work-specific
units of gm/BHP-hr. Before these data cam be used to predict the emissions of
the HDGT fleet they need to be converted into gm/mi. This is done by multi-
plying them by the conversion factor (work required per mile) for each class of

heavy-duty gasoline trucks.

Conversion Factor Calculation

In this study, the heavy—-duty gasoline fleet is segregated into light

and medium heavy-duty categories. Conversion factors, however, are developed
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TABLE 2-2. HEAVY-DUTY GASOLINE TRUCK EMISSION RATES FOR 1988
(gm/BHP-hr)

Model Year HC Cco NOx
1967 18.07 237.76 6.08
1968 18.07 237.76 6.08
1969 10.76 219.52 6.33
1970 10.63 216.24 6.29
1971 10.50 212.95 6.25
1972 10.36 209.20 6.20
1973 10.23 205.92 6.16
1974 9,24 187.77 6.11
1975 9.11 184.48 6.07
1976 8.99 181.20 6.03
1977 5.93 156.45 5.98
1978 5.81 153.16 5.94
1979 5.68 149.88 5.89
1980 5.50 145.19 5.83
1981 5.32 140.50 5.77
1982 5,11 134,87 5.70
1983 4,91 129.71 5.64
1984 4.13 102.44 4,94
1985 3.48 75.53 4,85
1986 3.25 71.82 4,74
1987 3.01 68.12 4,64
1988 2.76 64.06 4,52
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for each specific truck class (i.e., Class 2b through Class 8). To calculate
emission factors for the light and medium heavy-duty categories, the conversion
factors for each class had to be aggregated into their respective category,
light or medium. These aggregated conversion factors were calculated for each

model year.

Relative VMT and sales fraction data were used to calculate an
aggregate conversion factor for each model year category. Since the available
VMT data were category specific (light and medium heavy-duty) and not class
specific (2b, 3, etc.), the class average VMT values were included in the
conversion factor calculation. A similar weighting was used to account for the
difference in sales fraction between the various classes. The data used to
calculate the conversion factors can be found in Tables 2-3 and 2-4. Up to
1977, historical data was used to calculate cléss specific conversion factors
(Smith, 1984).

For later model year conversion factors, estimates of the reduction
in vehicle rolling resistance were used to determine the estimated reduction in
the conversion factor. Table 2-4 lists the estimated percent reduction in the
1977 conversion factor for a number of subsequent years. The future conversion
factors were calculated using the 1977 conversion factor as the base value.
Estimates of improvements in rolling resistance were used to determine the
percentage reduction in the conversion factor (Smith, August 1984). The values
developed by Smith were not used since these tended to overestimate the zero
mile emission factor used by the ARB. The percent reductions in the 1977
conversion faector, listed in Table 2-4, were arrived at by iteration. These
values were found to result in an aggregate zero mile emission rate, for the
light and medium heavy-duty truck classes, that is approximately the same as
the ARB noncatalyst heavy-duty truck zero mile emission rate. Linear interpo-
lation was used to determine the conversion factors for years not listed in
table 2-4. Linear interpolation was also used to calculate historic conversion

factors for years which no conversion factor data existed.
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TABLE 2-4, FUTURE CLASS CONVERSION FACTOR DATA
Percent Improvement
(Base Year 1977)

Model Light Heavy-Duty Medium Heavy-Duty
Year Improvement Improvement
1982 15 13

1987 16 14

1992 17 i5

1997 18 16
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The conversion factor for the light HDGT fleet was calculated using
the conversion factor data for class 2b trucks (Smith, 1984). Smith agg;ggated
the data for class 3 and 4 trucks (which are also counted as light heavy-duty
vehicles) with that for class 5 (which is classed as medium heavy). Since the
sales and populations of class 3 and 4 trucks are small compared to those for
either class 2b or class 5, this inconsistency was considered to be negligible.
With this assumption, the conversion factor for the light HDGT fleet can be
taken as equal to that for class 2b trucks. Tables 2-5 and 2-6 list the
conversion factors calculated for both the light and medium HDGT fleet for
model years 1962 through 1997.

The conversion factor for the medium heavy-duty gasoliné truck fleet
was calculated using data for class 3 through 8 gasoline trucks. The influence
of truck class on the conversion factor can be seen in Table 2-3. The differ—
ent ' classes constituting the medium HDGT fleet have significantly different
conversion factors. In order to obtain am average conversion factor for a

r
given model year, the conversion factors for each MVMA class were weighted by

the relative VMT and sales fraction for that class. The relative VMT and sales
fraction data used to weight the conversion factors are given in Table 2-3.
The relative VMT data in the table came from the 1977 Truck Inventory and Use
Survey (Smith, 1984). The weighted conversion factor column in that table
shows each class's contribution to the average. Summing the weighted conver-
sion factors for a given_modél year gives the average conversion factor for

that model year.

Given the work-specific emission factors in Table 2-2, .and the
conversion factors in Tables 2-5 and 2-6, it is possible to calculate emission
factors in grams per mile. Tables 2-7 and 2-8 list the emission factors
calculated for the 1light and medium HDGT fleets respectively. The light
heavy-duty emission factors for 1987 and 1988 are the same as the ARB factors
for heavy-duty trucks that use catalysts. These values were used since it is
expected- that a significant portion of this fleet will be equipped with oxidiz-

ing catalysts beginning in 1987.
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TABLE 2-5. HISTORICAL CLASS CONERSION FACTORS

Model Light Heavy-Duty Medium Heavy-Duty
Year Conversion Factor Conversion Factor
1962 0.87 1.35
1963 0.87 1.37
1964 0.87 1.39
1965 0.87 1.40
1966 0.87 1.43
1967 0.87 1.45
1968 0.87 1.47
1969 0.87 1.48
1970 0.87 1.50
1971 0.87 1.51
1972 0.87 1.51
ie73 0.87 1.53
1974 0.87 1.55
1975 0.87 1.56
1976 0.87 1.54
1977 0.87 1.52
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TABLE 2~6. FUTURE CLASS CONVERSION FACTORS

Model Light Heavy-Duty Medium Heavy-Duty
Year Conversion Factor : Conversion Factor
1978 0.847 1.49
1979 0.825 1.45
1980 0.802 1.42
1981 0.779 1.38
1982 0.757 1.35
1983 0.755 1.35
1984 0.754 1.34
1985 0.753 1.34
1986 0.751 1.34
1987 0.750 1.34
1988 0.749 1.33
1989 0.747 1.33
1990 0.746 1.33
1991 0.745 1.33
1992 0.744 1.33
1993 0.742 1.32
1994 0.741 1.32
1995 0.740 1.32
1996 0.739 1.32

1997 0.737 1.31
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TABLE 2-7.

LIGHT HEAVY-DUTY GASOLINE TRUCK
EMISSION FACTORS FOR 1988

(gm/mile)

Model Year HC co NOx
1967 '15.72 206.85 5.29
1968 15.72 206.85 5.29
1969 9.36 190,98 5.51
1970 9.25 188.12 5.47
1971 9.14 185.27 5.44
1972 9,01 182.00 5.39
1973 8.90 179.15 5.36
1974 8.04 163.36 5.32
1975 7.93 160.50 5.28
1976 7.82 157.64 5.24
1977 5.16 136.11 5.20
1978 4,92 129.78 5.03
1979 4,69 123.59 4,86
1980 4,41 116.43 4,68
1981 4,15 109.48 4,50
1982 3.86 102.03 4,31
1983 3.71 97.96 4,26
1984 3.11 77.23 3.73
1985 2.62 56.85 3.65
1986 2.44 53.96 3.56
1987 1.47 14,48 4,99
1988 1.28 13.89 4,80
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TABLE 2-8, MEDIUM HEAVY-DUTY GASOLINE TRUCK
EMISSION FACTORS FOR 1988

(gm/mile)

Model Year HC co NOx
1967 26.28 345.81 8.84
1968 26.55 349,39 8.93
1969 . 15.97 325.89 9.40
1970 15.94 324,27 9.43
1971 15.83 320.95 9.42
1972 15.69 316.88 9.39
1973 15.67 315.31 9.43
1974 14.30 290,61 9.46
1975 14,26 288.57 9.49
1976 13.88 279,80 9.31
1977 9.04 238.44 9.11
1978 8.65 228.06 8.84
1979 8.26 217.92 8.57
1980 7.81 206.01 8.28
1981 7.36 194,43 7.99
1982 6.89 181.91 7.69
1983 6.61 174,64 7.59
1984 5.55 137.69 6.64
1985 4,67 101.34 6.51
1986 4.35 96.19 6.35
1987 4,03 91.07 6.20

6.03

1988 3.68 85.49
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The estimated emission factors are comparable to the limited data
available from chassis emissions tests of light and medium heavy—-duty vehicles.
Table 2-9 summarizes the emissions measured by Black and co-workers (1984) and
Braddock and Perry (1986), testing various HDGTs on a chassis dynamometer. The
calculated emission factors appear to underestimate the factors developed from
test data for HC and NOx. The calculated emission factors appear to overesti-
mate the .factors developed from test data for CO. The difference in NOx
emissions are not surprising, as the trucks tested were Federal, not Califor—
nia, vehicles. The calculated factors appear reasonable when compared to the

limited available test data.

2.2 Expected I/M Failure Rates and Emission Reductions due to Repair

Estimates of HDGV failure rates and of the reduction in emissions per
vehicle due to repair were based on several sources. For older trucks, these
estimates were based on a previous Radian Corporation study which investigated
the feasibility of an I/M program for HDGTs for the State of New York. The
newest truck used in this study was a 1978 model vehicle, however, so the study
results are not representative of subsequent, emission-controlled models. For
newer model trucks, data for light-duty vehicles with comparable emissions
control technology were used to estimate the emissions reduction due to re-
pairs, while current data from the existing HDGT I/M program in Anchorage.
Alaska were used to estimate failure rates. Failure rate data from the Port-

land HDGT I/M program were also studied.

New York Heavy-Duty Gasoline Truck I/M Study

The New York heavy-duty gasoline truck I/M study looked at the
expected fleet impact on emissions of HC and CO. NOx was not recorded in the
results of the study. 181 HDGTs from various fleets throughout the city were
donated to be used for the study. It is expected that the emission reductions
found in this study would be the maximum that could be expected from an I/M

program. This is due to the fact that the individuals performing repairs were
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experts in emission control repair. In addition, since the vehicles used for
the study received free repairs and tune-ups, the fleet owners were meost

inclined to submit vehicles which would require some repair and/or tune—up.

The test procedure consisted of performing idle and 2500 RPM emission
tests before and after the vehicle was repaired. Chassis dynamometer emission
tests were also performed before and after repair. Table 2-10 lists the idle

and 2500 RPM emission standards used with the New York study.

The reduction in in-use emissions, as determined by the New York
study, was predicted from the results of emission tests of the vehicles while
driving various cycles on a chassis dynamometer. All of the vehicles were
tested using a cycle known as the New York Quick, while two—thirds of the
vehicles were tested on a cycle known as the G39 or C39H. Although the New
York Quick is a brief test, its results correlate quite well with the results
from the C39. A detailed analysis correla‘tihg the results from the New York
Quick Cycle to the C39 cycle was performed' by Radian. A discussion of the

correlation can be found in An Assessment of Emission Reduction Strategies for

Heavy-Duty Gasoline—Powered Trucks. The C39 test is considered to be represen—

tative of urban driving. Although the cycle is not directly comparable to the
current heavy—-duty engine certification test, relative effects from this cycle

are comparable to in-use driving.

The reduction in emissions measured on each test due to the I/M
program is shown in Tables 2-11 and 2-12. In summarizing the data, the emis-
sion reductions have been quantified by model year and gross vehicle weight.
The emission reductions are summarized for the two different tests, NY Quick
and C39. The emission reductions are also calculated for repaired vehicles
alone, and for the entire vehicle sample (including those which passed the
inspection). The reductions are summarized by the percent difference of the
average emissions, average percent difference in emissions, and the average

difference in grams per mile.
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TABLE 2-10. CUTPOINTS USED FOR HEAVY DUTY TRUCKS IN NEW YORK STUDY

Model HC co co
Year (low idle) (high idle)
Pre-70 1200 ppm 8.5% 3z
70-73 700 ppm 6.0% 3%
74-78 500 ppm 4.0% K¥ 4
79-82 300 ppm 3.0% 3z
83 - 250 ppm 1.52 32
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The percent difference of average emissions and the average percent
difference were both calculated since one tends to overestimate the énission
reductions, while the other tends to underestimate the emission reductioms.
For a large sample, the percent difference in the average emissions is most
likely the best method to determine the improvement. However, for a small
sample this method could bias the results. This is because a vehicle with a
large mass reduction in emissions can overshadow the results from a number of
vehicles which had a small reduction in mass emissions. The average percent
difference has the possibility of biasing the emission reductions on the low
side. This is because a vehicle which is very dirty can at the very most
improve by only 100 percent. On the other hand, a relatively clean vehicle can
worsen and produce increases in emissions of several hundred percent, thereby
biasing the emission reductions on the low side. Since the sample size of the
New York data was fairly small the average percent differende was used to
predict the emission reductions. This would tend to bias the estimated reduc-

tion toward the low end.

The New York data were used to predict the percent emission reduc-
tions for HC and CO for 1974 and earlier model California HDGTs. The vehicles
used for the New York study were not equipped with significant emission control
devices (i.e. EGR valves, Air Injection Systems, etec.). HDGTs certified to
Federal standards did not start using emission control devices until the 1979
model year. In California, HDGTs started using these devices to meet the HDGT
engine standards in the 1975 model year. For model years after this the ARB
I/M evaluation data was used to determine the percent emission reductions that

could be expected due to an I/M program.

The emission reductions used for the pre-1975 California HDGTs were
taken from the summary for the repaired vehicles only. The average emissions
reduction due to repairs for all model years was 34% for HC and 33% for CO.
The results of the C39 testing showed CO reductions to be quite dependent upon
GVW, with the light heavy-duty gasoline trucks showing a minimal reduction in

CO and the medium heavy—duty gasoline trucks showing a larger improvement. The

1T1I-27



CORPORATION

CO emission reduction for the light HDGT fleet was estimated to be 20Z, and the
medium HDGT fleet was estimated to be 37Z. These estimates were obtained from
the New York Quick test results. No GVW trend was observed for the HC emission
.reductions. Tables 2-13 and 2-14 show the estimated emission reductions by
model year due to repair for the light HDGT fleet and the medium HDGT fleet

respectively.

The New York study did not evaluate any reductions in NOx emissions
from the HDGT fleet. None of the vehicles tested had any EGR systems or other
specific control systems designed to reduce NOx emissions. Therefore, it is
quite likely that the repairs would not have produced any significant reduction
in the NOx emissions of the fleet. For these model years it is assumed that

the benefit of repair to NOx emissgions is zero.

In looking at the failure data of the New York fleet, a trend in the
number of vehicles failed based on GVW is observed. In general, it is observed
that the greater the GVW the higher the fajlure rate. This is possibly due to
the increased loading placed on engines operating in a heavier wvehicle.
Therefore, a higher failure rate (42%Z) is used for the medium HDGTs while a
lower failure rate (35%) is used for the light HDGTs. The I/M failure rate for
light HDGTs is the same as the failure rate for vehicles in the New York study
with GVWs less than 14,000 1b., The I/M failure rate for medium HDGTs was
conservatively estimated to be one percent less than the I/M failure rate for
vehicles with GVWs of 14,000 to 26,000 1b in the New York study. In addition,
data from the Anchorage HDGT I/M program were used to verify the I/M failure
rates observed'in the New York study. The estimated failure rates for the

medium and light HDGT fleets can be found in Table 2-15.

Improvement in Fuel Economy

An additional benefit of the I/M program is an increase in the fleet
average fuel economy. As part of the New York evaluation, the fuel economy of

each repaired vehicle was measured during the chassis dynamometer tests. The
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TABLE 2-13. EMISSION REDUCTION DUE TO REPAIR
LIGHT HEAVY-DUTY GASOLINE TRUCKS

1988
(%)

Model Year HC Cco NOx
1967 34 20 0
1968 34 20 0
1969 34 20 0
1970 34 20 0
1971 34 20 0
1972 34 20 0
1973 34 20 0
1974 34 20 0
1975 37 i6 5
1976 37 16 5
1977 37 16 5
1978 37 16 5
1979 37 16 5
1980 37 i6 5
1981 _ 37 16 5
1982 37 16 5
1983 37 i6 5
1984 37 16 5
1985 37 16 5
1986 37 i6 5
1987 23 20 10
1988 23 20 10

Sources: Model years 1967 through 1974 - Radian Corporation (1981).

Model Years 1975 through 1986 - Pre-1975 light—duty vehicles studied
in the ARB I/M Bvaluation Program. Sierra Research, (1986).

Model years 1987 through 1988 - 1975 through 1979 light-duty vehi-

cles studied in the ARB I/M Evaluation Program. Sierra Research
(1986).
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TABLE 2-14. EMISSION REDUCTION DUE TO REPAIR
MEDIUM HEAVY-DUTY GASCLINE TRUCKS

1988
(%)

Model Year HC co NOx
1967 34 37 0
1968 34 37 0
1969 . 34 37 0
1970 34 37 0
1971 34 37 0
1972 34 37 0
1973 34 37 0
1974 - 34 37 0
1975 37 20 5
1976 37 20 5
1977 37 20 5
1978 37 20 5
1979 37 20 5
1980 37 20 5
1981 37 20 5
1982 37 20 5
1983 37 20 5
1984 37 20 5
1985 37 20 5
1986 37 20 5
1987 37 20 5
1988 37 20 5

‘Sources: Model Years 1967 through 1974 - Radian Corporation (1981).

Model years 1975 through 1988 - Pre—-1975 light-duty vehicles studied
in the ARB I/M Bvaluation Program. Sierra Research (1986).
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TABLE 2-15. I/M FAILURE RATES
1988

LIGHT HEAVY-DUTY MEDIUM HEAVY-DUTY

GASQOLINE TRUCKS GASOLINE TRUCKS
Model Year (Z) (%)
1967 35 42
1968 . 35 42
1969 35 42
1970 35 42
1971 35 42
1972 35 ) 42
1973 30 35
1974 ) 30 35
1975 30 35
1976 30 35
1977 30 35
1978 25 30
1979 25 30
1980 25 30
1981 25 30
1982 18 23
1983 16 21
1984 14 19
1985 12 17
1986 10 15
1987 9 13
1988 8 12

Sources: Model years 1967 through 1972 — Radian Corporation (1981).

Model years 1973 through 1988 - Anchorage, Alaska data
provided by Sierra Research.
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result of the New York study was an improvement in fleet composite fuel economy
of 1.9 percent. This corresponds to a 4.7 percent increase in fuel economy for
the repaired vehicles only. This compares favorably with other reports of fuel
economy improvements of 2 to 5 percent for heavy-duty gasoline trucks. (House-

holder and Jasper, 1984)

Summary of the ARB I/M Evaluation Program

ARB measured the effectiveness of the current Smog Check Program in
California by sending undercover vehicles to various Smog Check stations
throughout the South Coast Air Basin (Sierra Research, 1986). These undercover
vehicles were known to be vehicles that would fail the Smog Check, since they
had failed a screening check performed by the ARB. Thirty-two percent of these
vehicles passed inspection at the Smog Check stations. The vehicles that
failed were repaired at the Smog Check station and then were retested at the El
Monte Laboratory. Using this information, estimates of emission reductions due
to repair can be made for technology specific vehicle classes. From this
study, estimates of emission improvements achieved by I/M can be forecast for

HDGTs using similar emission control technology.

One concern in using light-duty emissions data as a surrogate for
heavy—-duty data lies in the possibility of different maintenance practices
between the two classes. There is a widespread belief that—--since HDGTs are
used primarily for business purposes--these trucks would be in a better state
of repair than the 1light-duty vehicle fleet. In another study currently
underway to determine the feasibility of a diesel I/M program, a large percent-—
age of the California diesel fleet was found to be poorly maintained (Weaver,
1986). Since the diesel fleet and the HDGT fleet are used for similar purpos-

es, it is likely that both fleets are in a similar state of maintenance.

Another concern when using light—duty vehicle fleets as a surrogate
for heavy-duty gasoline truck fleets, is the difference in age between the

fleets. Since the surrogate fleet is older than the HDGT fleet, there is a
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concern that the failure rates for the truck fleet should be less than the
light-duty fleet. This difference does exist, and could possibly lead to an
overestimate of failure rates for the HDGT fleet. For this reason, failure
rate data from the Anchorage, Alaska HDGT I/M program were used to estimate
failure rates in California; the light-duty surrogate data were used only to

estimate the percentage reduction in emissions in repaired vehicles.

Another factor to consider in comparing HDGT emissions data to LDV
data is the difference in rates of mileage accumulation. The current data
shows that the average LDV travels approximately 20% fewer miles per year than
the average HDGT (Califormia Air Resources Board, 1986). Also, the HDGT fleet
spends most of its operating time in the relatively strenuous urban environ—
ment. These characteristics of the truck's operation would tend to offset the
effects of the age differences between LDVs and HDGTs with comparable emissions

control technologies.

Surrogate Fleet Emission Control Technology

The technology level of the heavy—duty gasoline truck fleet needs to
be determined in order to select surrogate LDV fleets. The technology level of

the California HDGT fleet is listed below:

Model Year California Heavy-Duty Gasoline Trucks

pre—1975 No specific emission control devices

1975-1986 EGR and Air Injection found on most
engines

1987 and later Light HDGTs: EGR, Air Injection, and
gsome use of oxidizing catalytic
converters

Medium HDGTs: EGR and Air Injection, no
use of catalytic converters

The surrogate light—duty vehicle fleet needs to have emission control

technologies similar to the HDGT fleet. As can be seen, the surrogate fleet
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data can be used for both the light and medium HDGT fleets until the 1987 model
year. After that date, the technology used to control emissions in the two
cateogories begins to differ. Therefore, two sets of surrogate data are

required for 1987 and later model trucks.

The Califormia Highway Patrol performed random roadside inspections
of light-duty vehicles in 1985 and 1986 (Sierra Research, 1986). These under-
hood inspections were used to determine the emissions status of the light-duty
vehicle fleet. The results of these ingpections show the percentage of in-use
vehicles that should have the various emission control devices. These data are
shown in Table 2-16. The information in this table was used to determine which

LDV classes could be used as surrogates for the HDGTs.

From the data in Table 2-16, it appears that most vehicles between
model years 1975 and 1979 (84% from the 1986 survey) used catalytic converters.
The majority of catalytic converters used in this time frame were oxidation
catalysts, since the usage of 02 sensors for this technology group is only
4,3%7. This technology group can be used as a surrogate for the 1987 and later
model light HDGTs. For the light HDGTs built from 1975 through 1986, and the

medium HDGTs built after 1974 another surrogate group will need to be used.

For the 1975 through 1987 light HDGTs and the 1975 and newer medium
HDGTs, the noncatalyst 1975 through 1979 LDV group was studied for use as a
surrogate. The noncatalyst vehicle group in the 1975 to 1979 model year range
was quite small, less than 10 vehicles. These vehicles did not show any net
benefit due to repair. The noncatalyst vehicles which failed the tailpipe test
did show reductions in HC and NOx emissions due to repair; no CO benefit due to
répair was noted. However, the repair of vehicles failing the visual/func-
tional check resulted in increased emissions from these vehicles. The total
repair benefit was zero due to the increase in emissions from the vehicles
failing only the visual/functional check. Due to the small size of this group
and overall zero emission reduction due to repair, this group was not used as a

surrogate.
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TABLE 2-16. EMISSIONS CONTROL TECHNOLOGY USAGE BY MODEL YEAR FOR
LIGHT-DUTY VEHICLES - RANDOM ROADSIDE SURVEY DATA

Technology Pre-75 75-79 80+

ATR INJECTION 29.4% 77.0% 77.2%
CATALYTIC CONVERTER — 84.0% ~98.9%
SPARK 98.3% 98.4% 75.1%
EVAP 66.2% 97.9% 99.6%
EGR 27.7% 87.1% 90.9%
LEAD FILL PIPE RESTRICTOR - 85.5% 99.4%
02S 0% 4.26% 70.7%
PCV ' 85.1% 99,8% 99.6%
TAC -— 91.3% 88.4%

Reference: Sierra Research, (1986)
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The pre-75 LDV class was used as the surrogate for the 1975 and newer
medium HDGTs and the 1975 through 1986 light HDGTs. The majority of the pre-75
LDVs surveyed in the roadside inspections did not have any emission control
technology; however, a sizeable percentage did have EGR and AIR, 35%Z and 29%,

respectively.

Emission Reductions Due to Repair

For the 1987 and later model 1light HDGTs the estimated emission
benefits of repair can be found in Table 2-17. These data are for 1975 through
1979 model year LDVs that have an oxidizing catalyst and air injection system.
They are segregated into two categories: vehicles which failed the tailpipe
test and those which failed the visual/functional check. Percentage improve-
ments due to repair can be calculated from the data. The percent differences
in emissions for both failures were aggregated to determine the overall emis-

sion reduction due to repair. These data are also shown on Table 2-13.

Finally, emission improvements due to repair need to be determined
for the 1975 and newer light and medium heavy-duty gasoline trucks. These
vehicles had emigsion control technology similar to the pre-75 1light—duty
vehiclegs. Regressions linking FTP HC and CO to idle HC and CO for the before
and after repair samples were developed with data from the ARB I/M Evaluation
Program. These regression equations were combined with TAS data showing the
reductions in idle HC and CO to calculate emission benefits for the pre-1975

vehicles (Sierra Research, 1986).

Ag has been shown elsewhere, reductions in idle emissions cannot be
used to accurately predict reductions of in—use emissions. Unfortunately, the
authors are not aware of any other data base which could be used to more
accurately predict the emission reductions from HDGVs. Therefore, for lack of
a better data base, the regressions will be used as an estimate of the reduc-

tion in emissions for the HDGV fleet that uses EGR and AIR.
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TABLE 2-17. BENEFITS DUE TO EMISSION REPAIR:
1975 - 1979 LIGHT-DUTY VEHICLES

Tailpipe Visual/Functional
HC Co NOx HC co NOx
(gm/mi) (gm/mi) (gm/mi) (gm/mi) (gm/mi) (gm/mi)
1975-1976 N-45 N-17 ‘
F-Sample Cars (CARB/OXD/AIR)
Before repair 6.08 69.04 3.01 2.78 41,60 2.61
Afrer repair 3.33 45,99 2.64 1.87 29.54  2.46
Difference 2.75 23.05 0.37 0.91 12,06 0.15
Percent Difference 45.2% 33.47 12.3% 32.7% 29.0%2 5.7%
1977-1979 N-37 N-28
F-Sample Cars (CARB/OXD/AIR)
Before repair 3.20 48.39 2.44 1.43 14.80 2.94
After repair 3.13 38,71 2,27 1.33 15.24  2.47
Difference 0.07 9,68 0.17 0.10 -0.49 0.47
Percent Difference 2.2% 20.0% 7.0% 7.02 -3.3T 16.0%
Weighted Percent Difference 25.8% 27.4%  9.9% 16.7% 8.9%2 12.1%
HC co NOx
Weighted Average of Improvements 23% 2072 102

(assumed to apply to 1987+ LHIV)

Reference: Sierra Research (1986)
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With the regression equations and the TAS data describing the idle
emission reductions, technology—specific' reductions due to repair can be
estimated. Table 2-18 lists the benefits of repair for the pre-75 liéht—duty
vehicles with AIR. The reduction due to repair was calculated using the
following equations:

HC = 1.691 + (.917 x AIdle HC x 10~2)

1}

CO = 6.796 x AIdle CO

The change in idle HC and CO was determined from South Coast Air Basin TAS
data. The reduction in idle HC was 404 ppm while the reduction in idle CO was
1.86 Z. This data was for vehicles with AIR. A regression equation was not
available to calculate the NOx reduction. Therefore, the 1971-1974 aggregate
emission reduction due to repair from the California ARB I/M Evaluation Program
was used for the NOx value (Sierra Research, 1986). The resulting estimates

are also shown in Tables 2-13 and 2-14.

Based on the New York study, CO emission reductions due to repair
were significantly greater for medium HDGTs than for light HDGTs. This differ-
ence is thought to be caused by the increased load placed on the engine in the
medium HDGTs compared to the light HDGT. This difference would also be expect-
ed with the newer model trucks since the operating characteristics (i.e.,
engine load) is the same. For pre-1975 model HDGTs, the CO reduction for
medium HDGTs was 85% greater than light HDGTs; for 1975 and newer medium HDGTs”
the CO reduction is conservatively estimated to be 25% greater than the CO

reduction for light HDGTs.

Expected I/M Failure Rates

The March, 1986 TAS failure rates for 1975 through 1979 model year
LDVs can be found in Table 2-19. The March, 1986 TAS data was compared to

failure rate data from the Anchorage, Alaska I/M program. Seventy-eight
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TABLE 2-18. BENEFITS OF REPAIR: PRE-1975 LIGHT-DUTY VEHICLES

N=61
1971-1974 HC Co NO
(grams/mile) (grams/mile) (grams/mile)
Before repair 14,71 78.22 3.10
Reduction due to repair 5.40 12.64 .15
% Reduction 372 16% 5%

CARB I/M Undercover Vehicle Test Data

Reference: Sierra Research (1986).

TABLE 2-19. I/M FAILURE RATES REPORTED FROM 3/86 TAS DATA 1975 CARS

Model Year Tailpipe Vigual/Functional Total
(%) (% (%)
1979 25.2 8.0 29.6
1978 ' 31.3 9.4 36.1
1977 31.3 12.2 39.9
1976 38.3 12.6 43.4
1975 45.3 14.6 50.5

Reference: Sierra Research (1986).
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percent of all the HDGTs tested in the Anchorage I/M program passed on the
initial test. For '75 through '78 model trucks 35.2% of the trucks fail the
initial test; for pre-75 model HDGTs 33.1% of the HDGTs fail the initial test,
while 13.6% of the '79 and newer model HDGTs fail initially.

Based on the Anchorage data, the LDV failure rate in the California
program seems quite high. Therefore, a failure rate distribution has been
developed for light and medium HDGTs, based on the Anchorage data. The Anchor-
age failure rate data were segregated into three model year groups. The groups
consisted of pre-75 HDGTs, 1975 through 1978 HDGTs, and 1979 and newer HDGTs.
Thegse age groupings and failure rates were used as the basis for the failure
rates used in this study. The 1979 and newer model trucks in the Anchorage
fleet correspond in age to the 1981 and newer model trucks in this study. The
average fajlure rate for light and medium HDGTs in this age group was set equal
to the Anchorage data for this group plus two percent. Based on previous I/M
programs, the failure rate is expected to be slightly higher in the initial
year of the program. For the 1995 analysis, the failure rate was decreased by
approximately two percent to correspond to the failure rate reduction that is
observed as the program continues. In addition, the failure rate for a giveh
model year is expected to increase each year as the vehicles age. The same
methodology was used for all model year groupings. The resulting failure rate

estimates are given in Table 2-15.

The Anchorage HDGT I/M program only uses ' CO emission standards.
Hydrocarbon emissions are also measured but are not used as pass/fail criteria.
The CO cutpoints vary from three percent to five percent based on model year.
If the CO concentration in the exhaust is greater than the cutpoint at idle or
2500 RPM, the vehicle fails the "Smog Check."™ All hea§y—duty gasoline vehicles

with a rated GVW greater than 8500 1lb are tested.
Failure rates from the Portland, Oregon HDGV I/M program for the 1983

calendar year were also reviewed. Table 2-20 summarizes the data from the

Portland progranm. The model year groupings through 1973 correspond to
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TABLE 2-20. PORTLAND, OREGON HEAVY-DUTY GASOLINE VEHICLE
TEST SUMMARY 1983

EMISSION INSPECTION TESTS 13284
OVERALL PERCENTAGE PASS . 65%
OVERALL PERCENTAGE FAIL 35%

Pre—~1970 Trucks

Total Tests 2683
Pass 1I/M Test 64.2%
Fail I/M Test 35.8%

1970-1973 Trucks

Total Tests 2256
Pass I/M Test 62.3%
Fail I/M Test 37.7%

1974-1978 Trucks

Total Tests 5092
Pass I/M Test 62.0%
Fail I/M Test 38.0%

1979 and Later Trucks

Total Tests 3253
Pass I/M Test 72.5%
Fail I/M Test 27 .5%

Reference: Householder and Jasper, (1984)
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California vehicles that would have no specific emission control devices. The
later model year grbupings correspond to vehicles which would most likely have
EGR valves and AIR pumps. The failure rates for this program are significantly
higher than the Anchorage program. While Anchorage had an overall failure rate
of 22 percent, Portland had an overall failure rate of 35 percent. The aggre-
gate failure rate for all model year 1978 and older trucks (trucks at least
five years old) is in the 37 percent range. The failure rate for trucks four

years old or newer is 27.5 percent.

The failure rate data used in the model were developed from the
Anchorage data. These data are the most conservative of the three sources that
were reviewed. The model will thus underpredict the emission reductions if the
HDGV failure rate is similar to the Portland failure rate or the surrogate

California LDV failure rate,

Differences Between Heavy-Duty Vehicle I/M Data Sources

Four separate sources of data were reviewed for the development of
cutpoints and failure rates. Data were obtained from two HDGT I/M programs,
Portland and Anchorage, a test program performed in New York, and the

California light—-duty vehicle I/M program.

The California and New York data are not directly applicable to the
current California HDGT fleet. The California data are from passenger cars and
light-duty trucks. Differences in wvehicle age between the light-duty and
heavy—~duty vehicles could lead to overestimates of failure rates. Failure
rates from the light-duty fleet were not used to estimate heavy-duty vehicle
failure rates. Light-duty vehicle emission improvements due to repair were

used for heavy-duty vehicles with similar emission control technology.

The New York study tested heavy-duty vehicles which were submitted by

their owners. The vehicles did not have any emission control devices other
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than a PCV valve The I/M failure rates and emission reduction due to repair
from this study are applicable to older vehicles in California which do not
have any emission control devices. Emission cutpoints and failure rates from

this study can be found in Tables 2-10, 2-11, and 2-12.

Data from the heavy-duty vehicle I/M programs which are operating in
Anchorage, Alaska, and Portland, Oregon, were studied to -determine failure
rates for late model California heavy-duty vehicles, Significant differences
exist in the failure rates between these two programs. As would be expected,
the operation of these two programs is different. The Portland program is a
centralized I/M program while the Anchorage program is decentralized. The
Portland program does not have a cost limit or any method of obtaining a waiver
from having the vehicle completely repaired. Anchorage has a cost ceiling for

both defects not associated with tampering and tampering defects.

In addition to these differences, there are differences in the
cutpoints between the two programs. The Anchorage program does not have a
cutpoint for HC. As long as the vehicle meets the CO standard listed in Table
4-2, it will pass the tailpipe portion of the I/M test. The CO standard is
measured at 2,500 RPM and idle. The high and low speed CC standards are the

same,.

The Portland program has cutpoints for both HC and CO. Table 4-1 and
4-2 list the cutpoints used for the Portland program. Portland has an idle CO
and 2,500 RPM CO standard. The idle CO standard is the same for the Portland
and Anchorage I/M programs. The Portland 2,500 RPM CO standard is 3 percent
for all 1970 and newer model trucks. This is more stringent than the Anchorage

standard for 1970 through 1978 model year trucks.
The variation in failure rates between the Anchorage and Portland

programs can be attributed to the differences in the cutpoints. In general,

the Portland cutpoints are more stringent than the Anchorage cutpoints.

ITI-43



CORPORATION

2.3 Estimation of Daily Vehicle Miles Travelled by the Heavy-Duty Gas

Truck Fleet

The next step in determining the potential emission reductions from a
HDGT I/M program was to estimate the annual vehicle miles travelled (VMT) by
the fleet. For this study two sets of data would be required, one describing
the daily VMT for the light HDGT fleet and the other detailing the VMT of the
medium HDGT fleet. Estimates of the future VMT of the two fleets were also

required.

The DVMT of the HDGT fleet for 1983 was used as the basis for the VMT
calculation. The data included estimates of the fraction of VMT by light and
medium heavy-duty trucks, in addition to estimating DVMT by fuel usage (Pacific
Environmental Services, 1985). Table 2-21 lists the estimated DVMT by air

basin for California in 1983,

To calculate the current DVMT of the fleet, estimates of DVMT growth
since 1983 were developed. These calculations were based on data supplied by
CalTrans. CalTrans estimates of the number of vehicles by class in addition to
the VMT by age distribution were used to calculate the DVMT growth. The age
distributions of the the medium and light HDGT fleets can be found in Tables
2~22 and 2-23. The age  distribution of VMT can be found in Table 2-24.
Finally, the estimated VMT growth of the light and medium HDGT fleets can be
found in Tables 2-25 and 2-26, respectively.

2.4 Estimating the Emigsion Reduction due to the Implementation of

a_Heavy-Duty Gasoline Truck I/M Program

The emission reduction due to the implementation of an I/M program
was estimated, using the projected fleet size and age structure for 1988. A
similar estimate was made for 1995. The spreadsheets used to calculate the
1995 reduction can be found in Appendix A. Separate emission reduction esti-
mates were prepared for I/M of the light and medium heavy-duty fleets. The

methodology for doing this is summarized in Section 2.2.
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TABLE 2-21. ANNUAL AVERAGE DVMT BY AIR BASIN
RURAL /URBAN, GASOLINE, CALIFORNIA BASED

—_—

AIR BASIN LIGHT MEDIUM

NORTH COAST 110,505 141,926
SAN FRANCISCO 1,097,039 1,187,209
N. CENTRAL COAST 155,642 165,679
S. CENTRAL COAST 308,002 328,897
SOUTH COAST 2,995,550 3,064,339
SAN DIEGO 520,305 521,762
NORTHEAST PLATEAU 71,621 105,258
SACRAMENTO VALLEY 460,071 505,523
SAN JOAQUIN VALLEY 688,676 752,542
GREAT BASIN VALLEY 27,015 30,283
SOUTHEAST DESERT 554,624 610,624
MOUNTAIN COUNTIES 196,336 165,124
LAKE COUNTY 13,537 14,011
LAKE TAHOE 27,877 8,291
TOTALS 7,226,800 7,601,468
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TABLE 2-24. VMT DISTRIBUTIONS - FROM CALTRANS
MV STAFF MODEL ANNUAL VMT (000's)

VEHICLE AGE LIGHT MEDIUM

0 14.865 13.677
1 18.923 24,744
2 17.513 22.621
3 16,291 20.763
4 15.192 19.079
5 14.183 17.522
6 13.241 16.064
7 12.355 14.686
8 11.514 13.373
9 10.711 12.116

10 9.941 10.907

1 9.2 9.74

12 8.485 8.611

13 7.792 7.515

14 7.119 : 6.45

15 6.466 5.411

16 5.829 4,398

17 5.207 3.408

18 4.6 2.439

19 4,06 1.489

20 3.425 0.558
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The VMT data developed in Section 2.3 are based on calendar years,
while the emission factor data are given by model year. Inm order to combine
the two sets of data the emission factors for each model year must be weighted
and aggregated into a calendar year composite. The I/M failure rate data and
the improvement due to repair were combined to calculate the average percentage
reduction in emissions for the light and medium HDGT fleets, respectively. The
emission factor data were then multiplied by the fleet emission reduction to
determine the average reduction in grams/mile for the fleet. Finally, the
grams/mile reduction was multiplied by total VMT to give the total emission

reduction in tons/day statewide.

The fleet composite emission factor for 1988 is calculated using the
age distribution of the fleet provided by CalTrans, and the emission factor
data found in Tables 2-7 and 2-8. The CalTrans age distribution is summarized
in Table 2-27. This distribution was multiplied by the emission factor data to
arrive at the fleet composite emission factor shown in Table 2-28. A similar
computation was performed to determine the fleet composite emission reductions
listed in Table 2-29. The totals listed in Table 2-28 are the respective light
and medium HDGT emission factors for the 1988 calendar year. The totals listed
in Table 2-29 are the respective light and medium HDGT emission reductions due

to I/M.

The totals from Table 2-28 and 2-29 are multiplied to determine the
emission reduction due to the I/M program in grams/mile. Table 2-30 lists the
reductions in grams/mile and tons/day statewide. As this table shows, the
reduction in total NOx emissions from the light heavy fleet is approximately
the same as for the medium heavies. In contrast, the reduction in CO emissions
is approximately 500% greater for the medium HDGT fleet than for the 1light
HDGT, and for HC, the reduction is approximately 300% greater. This is due to
the greater I/M failure rate, higher VMT per vehicle, and greater emissions per
VMT by the medium heavy fleet, which more than outweighed the greater number of
light heavy-duty vehicles.
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TABLE 2-30. 1988 EMISSIONS REDUCTIONS DUE TO I/M

LIGHT HEAVY-DUTY

GM/MI TONS/DAY

MEDIUM HEAVY-DUTY

GM/MI TONS/DAY

HC 0.41 3.48 HC
Cco 4,32 36.37 co
NOx 0.04 0.35 NOx

1.43 11.3
22.20 174,99
0.06 0.46

TABLE 2-31. 1995 EMISSIONS REDUCTIONS DUE TO I/M

LIGHT HEAVY-DUTY

GM/MI  TONS/DAY

MEDIUM HEAVY-DUTY

GM/MI  TONS/DAY

HC 0.23 2.14 HC
co 2.49 23.10 co
NCOx 0.07 0.63 © NOx

0.73 7.0
9.81 93.89
0.09 0.82
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Table 2-31 lists the reductions for the different fleets expected in
1995. The trends for 1995 are approximately the same as those for 1988. The
reduction in emissions due to I/M in 1995 is approximately two—thirds of the
1988 reduction. This is due to the reduced baseline emissions expected for the
1555 fieet. Slightly lower I/M failure rates were used for the 1995 model
since it is expected that the failure rate will decline as the program contin-

ues. This trend has been observed with the Portland HDGV I/M program.
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3.0 FEASIBILITY OF IMPLEMENTING A HEAVY-DUTY GASOLINE TRUCK
INSPECTION AND MAINTENANCE PROGRAM

This section of the report reviews the results of studies undertaken
to determine the feasibility of implementing a HDGT I/M program for the State
of California. Studies were undertaken to determine the ability of the current
Smog Check stations to test HDGTs, in addition to investigating the degree of
interest in self-inspection for fleets. Heavy—-duty truck repair stations were
also contacted to determine if they would be interested in performing Smog
Checks on HDGTs in addition to repairing them. The results of these surveys

will be reviewed first.

Cost estimates of heavy-duty gasoline truck emission system repairs
were also made. These estimates were arrived at by surveying HDGT repair
stations to determine the retail cost of various emission and fuel system
components, in addition to quantifying the labor rates for HDGT service.
Estimates for the average cost of various repairs have been made. The cost-ef-

fectiveness of requiring the HDGT fleet to be "Smog Checked™ is also discussed.

Finally, the current TAS analyzers used in the Smog Check Program
were evaluated to determine if any modifications to them would be required to
implement a HDGT I/M program. Suggested changes and modifications are dis-

cussed in the following section.

A decentralized program was used as the model for this section., The
decentralized program was chosen since the California legislature has imple-
mented this program for the light—duty vehicle fleet. It is expected that the
same tybe of program would be implemented for the heavy-duty vehicle fleet.
Decentralized programs do not tend to be as effective as centralized I/M
programs. The advantages of centralized programs include: lower inspection
costs due to the higher volume of vehicles per faecility, reduced enforcement

requirements since there are fewer facilities to inspect, and potentially
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higher quality inspections since the tests would be performed by a small number

of highly trained technicians.

One of the most effective I/M programs in the nation is the Portland,
Oregon centralized I/M program. In Portland, heavy-duty and light-duty gaso-
line vehicles are required to participate in the program. The Portland program
does not have cost limits. All vehicles must be tested at the central facility
and no waivers for cost exceedance are given. If the vehicle fails the I/M
test it must be repaired and brought back to the central facility for a retest.
With this program, vehicles which do not meet the standards are brought into

compliance or they are not allowed to be registered.

The potential cost limit for a HDGT I/M program was also based on the
current light—duty vehicle I/M program. The use of this limit as the basis for
estimating costs does not imply that Radian feels the current cost limits are
effective. This limit was chosen since it is currently in use and cannot be

changed unless the legislature approves of an increase.

3.1 Testing Consideratioms

Radian conducted a telephone survey of California licensed Smog Check
stations located throughout the Sacramento, Los Angeles, San Francisco, and
Fresno areas. The survey was used to gather information to determine the
feasibility of including heavy-duty gasoline powered trucks in the Smog Check
Program. A summary of the responses from the surveyed Smog Check statioms is
presented in Table 3-1. The table provides a summary of the areas surveyed, as
well as the average for the state. A sample questionnaire and the survey

responses are presented in Appendix B.

As shown in the table, 84 percent of the Smog Check stations contact-
ed indicated that they would be interested in performing Smog Checks on HDGTs.
Moreover, 84 percent indicated that they have adequate space to Smog Check

HDGTs. Only the Smog Check stations in the San Francisco area displayed a
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TABLE 3-1

SUMMARY OF SURVEY RESPONSES FROM SMOG CHECK STATIONS

Smog Check Locations

Descriptions Frasng Los Angeles Sacramento San Francisco TOTAL/AVG.
Numbar of facility

rasponses 14 138 s 22 208
Percant that repair

HDGT 71% 58% 59% kcl-y 4 56%
Parcant interested in

HOGT Smog Checks 79% 91% 82% 45% 84%
Percent with adequate

space 6% 90% 79% 50% 4%
Avarage labor rate

for LD vehicles $38/hr $32/hr $39/hr $49/hr $40/hr
Average lLabor rate .

for HDBT $38/hr 340/hr $44/hr $56/hr $44/hr
Numbar of HDGT that

could be Smoggaed/day 5 6 12 10 8

KEY: HDGT - heavy-duty gasoline powered truck

L0 - Light-duty
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great disinterest in performing HDGT Smog Checks {only 45 percent were inter—
ested). This is primarily due to the small lots in downtown San Francisco. At
these lots, they would have to shuffle cars around to clear space for the

HDGTs.

Radian also conducted a telephone survey of heavy—duty truck repair
stations located in the Sacramento area. These repair stations indicated that
they primarily repair diesels. Occasionally, they work on gasoline powered
trucks. From this survey, heavy-duty truck repair stations indicated that they
are not interested in performing emission tests (Smog Checks) on heavy-duty

vehicles.

Radian also imvestigated the degree of interest in the self-inspec—
tion alternative for fleet operators. Approximately 20 fleet operators in
California were contacted by telephone. Neérly half of these indicated that
their fleet consisted of only diesel trucks. Of the fleet operators that have
HDGTs, 85 percent are interested in self-inspections. One fleet operator
stated it would depend on the fleet size and the cost-effectiveness. Several
fleet operators currently self-inspect the vehicles that weigh less than 8500
1bs. GVW in their fleet. Many fleets with HDGTs also have LDV fleets. The
addition of the HDGT fleet to the I/M program would increase the number of

fleets eligible for self-inspection.

The emission control technology on HDGTs is not as sophisticated as
on post-1980 model year light duty vehicles (LDV). The technology for HDGTs is
similar to the 1975-1979 and pre-1975 model year LDVs. Therefore, mechanics
should be able to adjust readily to repairing HDGTs. Moreover, from the Smog
Check station survey, 56 percent of the stations repair heavy-duty gas trucks
already. However, a small percentage of these stations do not repair the

emission controls systems on HDGTs.
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3.2 Estimation of Repair Costs

The cost estimates for heavy-duty gas truck repairs are based-on the
repairs performed on vehicles in the ARB I/M Evaluation Program. Based on data
from the ARB I/M Evaluation Program repairs have been identified which yield
significant emission benefits (Sierra Résearch. 1986). The following types of

repairs were the most significant in terms of emission benefits:

'75-'79 Models Pre-='75 Models
- adjust A/F ratio; - correct misfires;
- correct misfires; - connect vacuum
- replace emissions ~ lines;
components; - adjust A/F ratio;

— repair vacuum leaks; adjust timing;

- carb rebuild;

It is expected that these repairs will result in similar benefits for the HDGT

fleet due to the similarity in emission control technology.

A summary of estimated emission control system repair costs for
light—-duty vehicles (LDVs) is provided in Table 3-2. Radian also conducted a
telephone survey of over 200 licensed Smog Check stations throughout the State
of California. From this survey, the average labor rate for light-duty vehi-
cles is $40.00 per hour. This labor rate eqﬁals the labor rate (labor cost<
labor time) in Table 3-2. From the same survey, the average labor rate for
heavy-duty trucks increased by $4.00 dollars to about $44.,00/hour. This means

the labor cost would be greater for trucks if the labor time remained constant,

The emission control systems on heavy-duty gas trucks are not as
sophisticated as those found on current model light duty vehicles. However,
due to the size and configuration of some trucks, repairs on trucks can be more

time consuming than light-duty vehicles.
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TABLE 3-2. SUMMARY OF EMISSION CONTROL SYSTEM REPAIR COSTS
FOR LIGHT-DUTY VEHICLES

Labor Labor Part Cost
Time Cost Domestic Import
(hrs) (%) (%) (%)
Secondary Air
Air Pump 0.6 24 150 290
Diverter Valve 0.7 28 45 65
Reed Valve (Pulse Air) 0.5 20 26 100
Exhaust Check Valve 0.3 12 24 24
Vacuum Control for Diverter
Valve (TVS or solenoid)
TVS 0.4 16 28
Solenoid 0.6 24 65
Carburetor
Choke adjustment 0.6 24 n/a
Choke Pulloff 0.7 28 25 18
Clean and adjust idle 0.5 20 n/a
Mixture Control solenoid 0.7 28 50 60
Replace as unit 1.1 44 360 400
(775)
Fuel Injection
Clean Injectors 0.5 20 n/a
Replace Injector 1.1 44 58 80
(160) *=*
%% TBI injector
Continued
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TABLE 3-2. SUMMARY OF EMISSION CONTROL SYSTEM REPAIR COSTS
FOR LIGHT-DUTY VEHICLES (Continued)

Diagnostic Replacement Labor Part Cost
Labor Labor Cost Domestic Import
(hrs) (hrs) (%) ($) (%)
Control System Sensors
Air flow sensor 0.5 0.7 48 200 350
Coolant temp. sensor 0.5 0.2 28 20 17
Air temp. sensor 0.5 0.3 32 19 23
Throttle position sensor 0.5 0.3 32 40 50
Crankshaft position sensor 0.5 0.5 40 36 40
Oxygen sensor 0.3 0.5 32 50 150
Manifold Pressure sensor 0.5 0.4 36 55 120
Electronic Control unit 0.5 0.3 32 300 500
Wiring Harness Variable
EGR
Backpressure valve 0.3 0.3 24 58 70
Clean orifice 0.3-0.4 12-16 n/a
Electronic vacuum modulator 43,25
TVS or solenoid
TVS ‘ 10 12
Solenoid 65 58
Heated Air Intake Control Valve 0.2 0.2 16 15 10
Evaporative Canister Purge Valve ’ 14
Catalyst
Three-way catalyst 300 500
Three-way + oxidation catalyst 385 -

Reference: Sierra Research, Inc., Evaluation of the California Smog Check
Program, November, 1986.

I11I-62



Very few heavy-duty gas trucks have been equipped with catalytic
converters, fuel injection systems, OT OXygen Sensors. Therefore, . common
emission repairs for HDGTs would include carburetor adjustments, ignition
timing adjustments, replacement of spark plugs, and replacement of plug wire
sets. A summary of repair costs for heavy-duty gas trucks is presented in
Table 3-3. The labor times are based on ranges identified for Chevrolet, Ford,
and GMC medium and heavy-duty truck times in the Motor Parts and Times Guide
(Motor Manuals, 1986). The average labor rate for heavy-duty trucks from the
Smog Check station survey was used to estimate labor costs. Heavy-duty truck

dealers were contacted to determine parts costs.

For light-duty vehicles most repairs cannot be performed for less
than the current cost ceiling of $50.00. The same is true for the HDGT fleet—
the majority of repairs for HDGTs could not be performed separately for less
than the $50.00 repair cost ceiling. In addition, if combinations of repairs
were required, the cost of repairs would usually exceed the $50.00 cost ceil-
ing. For example, the most common repair of trucks would include carburetor
and timing adjustments. The cost for this repair ranges from $26.00 to $57.00.
The Smog Check station survey showed an average cost of $30.00 for carburetor
and/or timing adjustments for HDGTs. Another common repair scenario includes
replacement of spark plugs. This repalr cost ranges from $44.00 to $62.00.
Other combinations of repairs would considerably exceed $50.00. The repair
cost ceiling does not apply when repairing any system that has been tampered

with, however.

Based solely on this information, it is hard to determine what
fraction of the HDGTs could be repaired for less than the current $50.00 repair
cost ceiling. This question was completed by 40% of the licensed Smog Check
stations surveyed. They believe, on the average, that nearly 65% of the trucks
requiring repairs could be repaired for less than $50.00. In the remaining
cases, partial repairs might be possible within the $50.00 limit, or the owner

might opt to pay more than the minimum to have the vehicle fully repaired. An
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TABLE 3-3. SUMMARY QF REPAIR COSTS FOR HEAVY-DUTY GAS TRUCKS

Average Average Average
. Labor Time Labor Cost Labor Cost Part Cost Total Cost
Repair Dascriptians (hrs) {dollars]) {doLlars] [dollars) (doLlars)
Ignition Tune-up, Major {1} 2,7 - 4,2 118 - 185 152 152
Ignition Tune~up, Minar (2) 1.4 - 2.0 62 — 88 75 75
Spark Plugs, R&R or Renew 0.6 - 1.0 26 - 44 35 18 53
Plug Wire Set, Renaw ) 0.4 - 0.8 .18 - 35 28 40 88
Cap &/or Rotor, R&R or Renew 6.2 - 0.8 5 - 28 18 12/4 34
Ignition Timing, Adjust 0.3 - 0.6 13 - 28 20 20
PCV Valve, Renew 0.2 - 0.3 9 -13 11 - 3 14
Air Inject, Pump, RSR or Renew 0.4 - 0.8 18 - 35 28 150 176
Diverter Valve, Renew 0.2 - 0.4 - g - 18 13 3s 48
Carburetor, Adjust (3) 0.3 - 0.7 13 - 31 22 22
Carburetor, RSR or Renew 0.5 - 1.1 22 - 48 a5 3680 (700} 395
Carburetor Overhaul (4) 1.8 - 2.8 70 - 123 97 97

Key: R&R - remove and replace the seme part,
Renaw — remove the old part and install s new one,
Overhaul — remove an sssembly from the truck, inspect, disassemble, repair,
reassembla, install, and adjust.

Notas:

(1) Includess chack compression, clean or renew spark plugs, pick—up coil points condensers,
cap and check coil,. Check heat control valve and emission control systems, Includes use
of strobascops.

{2} Includes: renew points, pick-up coil condenser and plugs, set timing and adjust carburetor
idle.

{3) Includes: using exhaust gas analyzer and tachometer, can be used with all carburetar repair
operations when Limiter cap removal is required. _

(4] Includes: R&R carburstor and replace all parts furnished in kit, Clean air cleaner,
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increase in this cost limit would certainly result in more effective repairs,

however.

3.3 Cost-Effectiveness

The cost-effectiveness of the I/M program for a given year is deter-—
mined by dividing the estimated cost of the I/M program by the annual emission
reduction attributed to the program. The assumptions used in determining the
annual emission reduction are described in detail in Chapter Two. In general,
the emission reduction is equivalent to the aggregate I/M failure rate multi-
plied by the aggregate emission reduction due to repair. It was assumed that
the deterioration of the repaired vehicles is no different than the general
fleet. It is also assumed that the entire fleet is participating in the I/M
program, and therefore emission reductions can be attributed to the entire

fleet.

Based on the foregoing calculations, Radian estimated the cost—effec—
tiveness of a HDGT I/M program for emissions control. Table 3-4 shows the
results of this calculation for light heavy-duty trucks in 1988, while Table
3-5 shows it for medium heavy-duty vehicles in the same year. Table 3-6 and
3-7 show the results of the calculation for both the light and medium heavy-du-
ty trucks in 1995. To develop these estimates, it was assumed that the average
cost of inspection for heavy-duty vehicles would be about the same as the
current average for light-duty vehicles——about $20.00. The cost of the emis-
sions certificate was also assumed to be the same at $5.00. As the current
Smog Check Program is self-financing, the certificate fee was assumed to be
sufficient to cover all of the State's expenses in administering the program.
Making this assumption, the cost of the program to the consumer and the cost to

society as a whole can be assumed to be equal.
The failure rates and emission reductions due to repairs shown in the

Tables were taken from the discussion in the previous chapter. The average

cost of repairs in the program was assumed to be similar to the average cost of
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TABLE 3-4. COST-EFFECTIVENESS ANALYSIS

1988 LIGHT HEAVY-DUTY VEHICLES

PERCENT OF FLEET FAILING 22.35
COSTS/VEHICLE

PASSING FAILING AVERAGE

Inspection $20.00 $20.00 $20.00

Certificate $5.00 $5.00 $5.00

Repairs and $36.21 $8.09

Reinspection $6.00 $1.34

TOTAL $25.00 $67.21  $34.43

COST/YEAR 812.50 $33.61 $17.22

TOTAL COSTS AND EMISSIONS REDUCTIONS
FOR CALIFORNIA (247,573 light heavy-duty gasoline trucks)

PROGRAM COST $4,300,000

EMISSION REDUCTION
HC 3.48 TONS/DAY
co 36.37 TONS/DAY

COST-EFFECTIVENESS FOR LIGHT HEAVY-DUTY

CREDIT FOR HC $0.85 PER POUND
CREDIT FOR CO $0.08 PER POUND
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TABLE 3-5. COST-EFFECTIVENESS ANALYSIS

1988 MEDIUM HEAVY-DUTY VEHICLES

PERCENT OF VEHICLES FATILING 31.23
COSTS/VEHICLE
PASSING FATLING AVERAGE
Inspection $20.00 $20.00 $20.00
Certificate $5.00 $5.00 $5.00
Repairs and $36.21  $11.31
Reinspection 56.00 $1.87
TOTAL $25.00 $67.21  $38.18
COST/YEAR $12.50 $33.61 $§19.09
TOTAL COSTS AND EMISSIONS REDUCTIONS
FOR CALIFORNIA (143847 medium heavy-duty gasoline
PROGRAM COST $2,700,000
EMISSION REDUCTION
HC 11.27 TONS/DAY
Cco 174,99 TONS/DAY
COST-EFFECTIVENESS FOR MEDIUM HEAVY-DUTY
CREDIT FOR HC $0.16 PER POUND
CREDIT FOR CO 50.01 PER POUND
COST-EFFECTIVENESS
FOR LIGHT AND MEDIUM HEAVY COMBINED
CREDIT FOR HC $0.33 PER POUND
CREDIT FOR CO $0.02 PER POUND

trucks)

II1I-67



TABLE 3-6. COST-EFFECTIVENESS ANALYSIS

1995 LIGHT HEAVY-DUTY VEHICLES

PERCENT OF VEHICLES FAILING 19.94
COSTS/VEHICLE

PASSING FAILING AVERAGE

Inspection $20.00 $20.00  $20.00

Certificate $5.00 $5.00 $5.00

Repairs and $36.21 §7.22

Reinsgpection $6.00 81.20

TOTAL $25.00 $67.21 $33.42

COST/YEAR $§12.50 §33.61 $16.71

TOTAL COSTS AND EMISSIONS REDUCTIONS
FOR CALIFORNIA (274,667 light heavy-duty gasoline trucks)

PROGRAM COST $4,600,000

EMISSION REDUCTION
HC 2.14 TONS/DAY
co 23.10 TONS/DAY

COST-EFFECTIVENESS FOR LIGHT HEAVY-DUTY

CREDIT FOR HC $1,48 PER POUND
CREDIT FOR CO $0.14 PER POUND
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TABLE 3-7. COST-EFFECTIVENESS ANALYSIS

1995 MEDIUM HEAVY-DUTY VEHICLES

PERCENT OF VEHICLES FAILING 25.47
COSTS/VEHICLE

PASSING FAILING AVERAGE

Inspection $20.00 $20.00  $20.00
Certificate $5.00 $5.00 $5.00
Repairs and $36.21 $9.22
Reinspection $6.00 $1.53
TOTAL $25.00 $67.21 $35.75
COST/YEAR : $12.50 $33.61  $17.88

TOTAL COSTS AND EMISSIONS REDUCTIONS
FOR CALIFORNIA (142785 medium heavy-duty gasoline trucks)

PROGRAM COST 82,550,000

EMISSION REDUCTION
HC 6.98 TONS/DAY
co 93.89 TONS/DAY

COST-EFFECTIVENESS
CREDIT FOR HC $0.25 PER POUND
CREDIT FOR CO 50.02 PER POUND

COMBINED COST-EFFECTIVENESS
LIGHT AND MEDIUM HEAVY-DUTY GASOLINE TRUCKS

CREDIT FOR HC $0.54 PER POUND
CREDIT FOR CO $0.04 PER POUND

—_—— e e
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repairs for light-duty vehicles, obtained from the TAS data for March, 1986, by
Sierra Research. This average was $36.21, indicating that the cost of many

repairs is running well below the $50.00 limit.

The costs of inspection and repairs per vehicle were divided by two
to get the annual costs per vehicle (reflecting the biennial inspection sched-
ule for the Smog Check Program). These were multiplied by the total number of
vehicles to give the total costs of the program, then divided into the total
emissions reduction to give costs per pound. Since the Smog Check program
affects emissions of all three pollutants (HC, CO, and NOx), it was necessary
to allocate the costs of the program accordingly. For the calculations in
Tables 3-4, 3-5, 3-6, and 3-7 half of the program costs were allocated to HC
reduction, and half to CO reduction, with no cost allocated to reducing NOx,

since the NOx reduction due to the Smog Check is small.

With these assumptions, the calculated cost-effectiveness of I/M in
1988 for medium heavy-duty vehicles is $0.16/pound for HC and $0.01/pound for
CO, while for light-heavy-duty vehicles it is $0.85/pound for HC and $0.08/
pound for CO. The much greater cost—effectiveness of I/M for medium-heavy
vehicles is due both to the higher failure rate projected and to the greater
emissions per year from these vehicles. The cost-effectiveness of a combined
program, inspecting both medium-heavy and light-heavy vehicles, is estimated at
$0.33/pound for HC and $0.02/pound for CO.

All of these values compare very favorably with the cost-effective-
ness of the current Smog Check Program, and with most other sources of HC and
CO emissions control. In a recent report (Jacobs and Weaver, 1986), Radian
estimated the cost-effectiveness of the Smog Check Program for light-duty
vehicles as $1.35/pound for HC, and $0.12/pound for CO, using a similar calcu-

lation.
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The calculated cost-effectiveness of I/M in 1995 for medium heavy-du-
ty vehicles is $0.25/pound for HC and $0.02/pound for CO, while for Llight
heavy~duty vehicles it is $1.48/pound for HC and $0.14/pound for CO. The much
greater cost—effectiveness of I/M for medium—heavy vehicles is due to the
slightly higher projected failure rate and the much greater emissions per year
from these vehicles. The cost-effectiveness of a combined program, inspecting
both medium and light heavy-duty vehicles, is estimated at $0.54/pound for HC
and $0.04/pound for CO. Once again, these values compare favorably with the

cost—effectiveness of the current Smog Check Program.

As a sensitivity check, cost—effectiveness values wefe also calculat-
ed assuming reduced failure rates and reduced emission reductions due to repair
for both 1988 and 1995. Tables 3-8 and 3-9 show the cost—effectiveness for
1988 assuming the failure rates and emission reductions due to repair are only
70 percent of the previously used values. This wvalue was chosen since the
current evaluations of the light-duty vehicle I/M program show it to be
operating at approximately 70% efficiency. The spreadsheets of the failure
rates and emission reduction due to repair with this scemarioc can be found in
Appendix C. The cost-effectiveness 1is approximately halved when the I/M
program is only 70 percent as effective as predicted in chapter 2.0. Even with
the significant reduction in cost-effectiveness, the program is still competi-

tive with the light—duty vehicle I/M program.

Tables 3-10 and 3-11 show the results of reduced failure rates and
emission reductions due to repair on the cost-effectiveness in 1995. The
combined cost—effectiveness in 1995 is $0.99/pound for HC and $0.08/pound for
CO. The HDGV I/M program's efficiency is also reduced in 1995, but it is still

competitive with the light-duty vehicle I/M program's cost—effectiveness.

3.4 Investigation of Test Analyzer System Changes

The current test analyzer system (TAS) used to Smog Check light-duty
vehicles stores test information and results on cassette tapes. All of the
information required for differentiating heavy-duty gas trucks from light—duty

vehicles is already included in the automatic data collection unit of the TAS.
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TABLE 3-8. COST-EFFECTIVENESS ANALYSIS

1988 LIGHT HEAVY-DUTY VEHICLES
REDUCED I/M EFFECTIVENESS

PERCENT OF VEHICLES FAILING 15.85
COSTS/VEHICLE

PASSING FAILING AVERAGE

Inspection $20.00 $20.00  $20.00

Certificarte $5.00 $5.00 $5.00

Repairs and $36.21 $5.74

Reinspection $6.00 $0.95

TOTAL $25.00 $67.21 $31.69

COST/YEAR $12.50 $33.61 $15.84

TOTAL COSTS AND EMISSIONS REDUCTIONS
FOR CALIFORNIA (247,573 light heavy-duty gasoline trucks)

PROGRAM COST $3,900,000

EMISSION REDUCTION
HC 1.74 TONS/DAY
co 17.83 TONS/DAY

COST-EFFECTIVENESS FOR LIGHT HEAVY-DUTY

HC $1.54 PER POUND
co $0.15 PER POUND

|
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TABLE 3-9. COST-EFFECTIVENESS ANALYSIS

1988 MEDIUM HEAVY-DUTY VEHICLES
REDUCED I/M EFFECTIVENESS

PERCENT OF VEHICLES FAILING 21.88
COSTS/VEHICLE
PASSING FAILING AVERAGE
Inspection $20.00 $20.00  $20.00
Certificate $5.00 85.00 $5.00
Repairs and $36.21 $§7.92
Reinspection $6.00 $1.31
TOTAL $25.00 $67.21 $34.24
COST/YEAR $12.50 $33.61 $17.12
TOTAL COSTS AND EMISSIONS REDUCTICNS
FOR CALIFORNTA (143847 medium heavy-duty gasoline
PROGRAM COST $2,500,000
EMISSION REDUCTION
HC 5.56 TONS/DAY
co 85.83 TONS/DAY
COST-EFFECTIVENESS FOR MEDIUM HEAVY-DUTY
CREDIT FOR HC : $0.31 PER POUND
CREDIT FOR CO $0.02 PER POUND
COST-EFFECTIVENESS
FOR LIGHT AND MEDIUM HEAVY COMBINED
CREDIT FOR HC 30.60 PER POUND
CREDIT FOR CO 80.04 PER POUND

trucks)
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TABLE 3-10. COST-EFFECTIVENESS ANALYSIS

1995 LIGHT HEAVY-DUTY VEHICLES
REDUCED I/M EFFECTIVENESS

PERCENT OF VEHICLES FAILING 13.91
COSTS/VEHICLE

PASSING FAILING AV ERAGE

Inspection $20.00 $20.00  $20.00

Certificate $5.00 $5.00 $5.00

Repairs and : $36.21 $5.04

Reinspection $6.00 $0.83

TOTAL $25.00 §67.21  $30.87

COST/YEAR $12.50 $33.61 $15.44

TOTAL COSTS AND EMISSIONS REDUCTIONS
FOR CALIFORNIA (274,667 light heavy-duty gasoline trucks)

PROGRAM COST $4,200,000
EMISSION REDUCTION _
HC 1.05 TONS/DAY
Co 11.16 TONS/DAY

COST-EFFECTIVENESS FOR LIGHT HEAVY-DUTY

HC $2.75 PER POUND
Co $0.26 PER POUND
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TABLE 3-11. COST-EFFECTIVENESS ANALYSIS

1995 MEDIUM HEAVY-DUTY VEHICLES
REDUCED I/M EFFECTIVENESS

PERCENT OF VEHICLES FAILING 17.89
COSTS/VEHICLE
PASSING FAILING AVERAGE
Inspection $20.00 $20.00 $20.00
Certificate $5.00 $5.00 $5.00
Repairs and $36.21 $56.48
Reinspection $6.00 $1.07
TOTAL $25.00 $67.21 $32.55
COST/YEAR 812.50 $33.61 _ $16.28

TOTAL COSTS AND EMISSIONS REDUCTIONS
FOR CALIFORNIA (142785 medium heavy-duty gasoline trucks)

PROGRAM COST $2,300,000

EMISSION REDUCTION
HC 3.44 TONS/DAY
co 46.26 TONS/DAY

COST-EFFECTIVENESS FOR MEDIUM HEAVY-DUTY
CREDIT FOR HC $0.46 PER POUND
CREDIT FOR CO $0.03 PER POUND
COMBINED COST EFFECTIVENESS

LIGHT AND MEDIUM HEAVY-DUTY GASOLINE TRUCKS

CREDIT FOR HC $0.99 PER POUND
CREDIT FOR CO 50.08 PER POUND
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A useful change to the TAS software would be the inclusion of vehicle
make abbreviations for HDGTs. This menu should be standardized so that entry
errors by the operators would be caught by the TAS. With the current method
for entering the truck vehicle make, errors could go undetected according to
the California Bureau of Automotive Repair specification. Including the HDGTS
vehicle make list should not be a major task since the majority of HDGT are

produced by LDV manufacturers.

Including the HDGT vehicle make abbreviation menu included in the TAS
system would simplify entering the vehicle make for the mechanic. Currently,
the Smog Mechanic enters the vehicle type and gross vehicle weight of the
vehicle being tested prior to selecting the vehicle make abbreviation. If the
mechanic responds that the vehicle is a truck and its GVW is greater than 8500
1b., then the HDGT vehicle make abbreviation list should be displayed by the
TAS. This would allow the TAS to use the same information field for storing
the HDGT make as is currently used to store the LDV make. The advantage of
this method is that no additional modifications are required to the cassette
recorder format specification. In addition, the HDGT fleet can be added to the

TAS system without increasing the size of cassette data record.

The emission standards for the HDGTs will most likely not be the same
as the LDVs. Therefore, other modifications will be required to the software

in order to include emission standards for the HDGTs.

The only other modification that might be required igs to extend the
length of the cord for the engine speed probe. No maximum length is specified
in the BAR '84 specifications, however a minimum length of 25 feet is noted.
For some HDGVs, especially recreational vehicles, 25 feet is not long enough to
allow the engine speed to be recorded while the emissions probe is in the
exhaust pipe. The speed probe could readily be extended to accommodate
vehicles 40 feet long, which is the maximum vehicle length permitted by law
(Nase et al., 1986).
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4.0 ANALYSIS OF ADMINISTRATIVE ISSUES

This section analyzes the administrative issues that would need to be
addressed prior to implementing an I/M program for heavy-duty gasoline trucks.
In general, these issues closely resemble those which have already been ad-
dressed in implementing the existing Smog Check Program for light-duty vehi-
cles. Some of the issues to be discussed include the cost limits of the
program, TAS upgrades, program enforcement, and the setting of emission

standards.

With the experience of the LDV I/M program as a basis, the State of
California should readily be able to organize, develop, and promote a heavy-du-
ty gasoline I/M program. Adding HDGVs to the existing LDV I/M program would
not significantly incfease the work ioad upon current Smog Check stations. In
1988, it is expected that the entire HDGT fleet will consist of approximately
400,000 vehicles. This is only 37 of the existing fleet of vehicles required

to participate in the Smog Check Program.

The goals and regulations of the HDGT I/M program should be based on
the experience obtained from the LDV I/M program. The operation of the HDGT
I/M program could be easily tied into the LDV I/M program. As was shown from
the survey of the Smog Check stations, most stations would be willing to work
on HDGTs. The enforcement aspects of the program could be performed similarly
to the LDV I/M program. Making the registration and licensing of the vehicle
dependent upon the display of a Certificate of Conformance (as is presently the

case for LDVs) would serve as an effective means of enforcement.

As discussed previously, no major changes would be required to the
TAS analyzers to add HDGVs to the Smog Check Program. The addition of a
standard menu for the HDGT make and different emission standards would be
required. Lengthening the cord for the engine speed probe will be necessary to

test vehicles which are 40 feet in length.
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The mechanics currently working on LDV emission systems should easily
adjust to working on HDGTs. The HDGT fleet has not seen the use of electronic
fuel injectiom, or closed loop fuel control systems. Thelmajority of these
trucks are similar to 1974 and older LDVs, which are easier for the mechanics
to troubleshoot and repair than current—technology electronically-controlled

vehicles.
Cost Limits

Under the current Smog Check Program, the maximum cost that the
consumer is required to pay to repair his/her vehicle is currently £fifty
dollars (unless tampering is present). The Smog Check legislation allows this
maximum to be increased to no more than one hundred dollars. In other reports,
this limit has been shown to be too low to permit repair of most recent model
light—-duty vehicles. In this report it has been shown that for the current
level of technology in HDGTs, the fifty dollar limit will repair only a few of
the minor problems. If more than one problem is found with the vehicle, the

cost to repair the vehicle will be greater than the fifty dollar limit.

The current technology level of HDGTs is equivalent to the 1975-1979
LDVs but will begin to approach that of the later model vehicles in the future.
As this advancement in the emission control technology occurs, the ability of a
repair facility to fix a problem with the emission control system for under
fifty dollars will decrease drastically. Currently, certain items cannot be
repaired on HDGTs for less than the current LDV cost limit. If a carburetor or
air injection pump needs replacing to bring the vehicle into compliance, both
repairs exceed the current cost 1imit. Setting the cost ceiling to the $100.00
1imit would allow more of the necessary repairs to be performed on HDGTs

failing the "Smog Check™.

Setting Emission Standards

The emission standards from thirteen different I/M programs that

currently require HDGVs to participate were reviewed. No two heavy—-duty

ITII-78



gasoline I/M programs are alike with respect to the emission standards that are
used and the vehicle model year's that are required to be tested. Table 4-1 is
a summary of the hydrocarbon emission standards and model years to which they
apply for the different I/M programs that were reviewed. Table 4-2 is a
summary of the carbon monoxide emission standards and model years to which they

apply for the different I/M programs.

The age of the vehicle is the one factor that is used by all adminis-
trators to determine the emission standard. Some programs also use the GVW of
the vehicle as a discriminator to determine the emission standard. Most
programs require the vehicle to meet a hydrocarbon and carbon monoxide standard
in order to pass the test. Some programs, most notably the two Alaska I/M

programs, require that the vehicle only meet a carbon monoxide standard. The

majority of the programs require that the vehicle meet the emission standards -

when idling and when operating at a different engine speed.

From the review of the different programs, it appears that each.

program has individually determined the emission standards that will best suit
their specific needs. Before determining the cutpoints for the California HDGV
I/M program, the intent and goals of the program need to be determined. If the
goal of the program is to £fail each and every vehicle that is emitting at a
rate greater than the certification standard, a very stringent emission

standards strategy should be employed.

The program could also be designed to fail only vehicles that are
emitting at rates significantly greater than the emission standard. Vehicles
that were within 150 percent of the certification standard would be allowed to
pass the I/M test with this goal. Another potential program goal would be to
specify a given failure rate and base the emission standards on achieving the
desired failure rate. Each of these goals would require a different emission

standard strategy.

As has been mentioned before, very little work has been done to

determine the emissions performance of the heavy-duty gasoline fleet. It is
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CARBON MONOXIDE EMISSION STANDARDS FOR HEAVY-DUTY GASOLINE VEHICLES

TABLE 4-2.

(Percent)
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not expected that data similar to the New York study would be available to
assist in setting the emission standards. It is known that no data exists that
quantifies the emissions performance and idle emissions of the California HDGV
fleet. Therefore, additional research and testing of a representative sample
of HDGVs would be needed in order to set cupoints specific to California.
Otherwise, the emission standards could be based either on experience with the
LDV fleet, or analysis of the failure rates and emission standards used in

other HDGV I/M programs.
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GLOSSARY OF TERMS, ABBREVIATIONS, AND SYMBOLS

AIR - Air Injection into the Exhaust Manifold
ARB - California Air Resources Board
BAR - California Bureau of Automotive Repair

BHP-hr/mile - Brake Horsepower - Hour/Mile

co - Carbon Monoxide

CalTrans - California Department of Transportation
DVMT - Daily Vehicle Miles Travelled

EMFAC7C - ARB Model Used to Calculate Emission Factors
EPA - United States Environmental Protection Agency
gm/BHP-hr - Grams/Brake Horsepower-Hour

gm/mi - . Grams/Mile

FTP - Federal Test Procedure

GVW - Gross Vehicle Weight

j2{ - Hydrocarbons

HDGT - Heavy-Duty Gasoline Truck

HDGV - Heavy-Duty Gasoline Vehicle

HDV - Heavy-Duty Vehicle

I/M - Inspection and Maintenance

v - Intertia Weight

1b - Pounds

LDV - Light-Duty Vehicle

MPG - Miles per Gallon

MVMA - Motor Vehicle Manufacturer's Association
NOx - Oxides of Nitrogen

O2 - Oxygen

RPM - Engine Speed in Revolutions per Minute
TAS - Test Analyzer System

VMT - Vehicle Miles Travelled
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CORPORATION

TABLE A-2. 1995 HEAVY-DUTY GASOLINE TRUCK EMISSION RATES

(gm/BHP-hr)

Model Year uc co NOx
1974 9.91 205.12 6.33
1975 9.91 205.12 6.33
1976 9.91 205.12 6.33
1977 6.87 180.84 6.29
1978 6.74 177.55 6.25
1979 6.60 173.80 6.20
1980 6.47 170.52 6.16
1981 6.33 166.77 6.11
1982 6.20 163.48 6.07
1983 6.08 160.20 6,03
1984 5.43 136.45 : 5.38
1985 4,53 92.14 5.34
1986 4,44 90.69 5.29
1987 4,31 88.63 5.23
1988 4,18 86.57 5.17
1989 4,02 84.10 5.10
1990 3.88 81.84 5.04
1991 3.68 © 78.64 4,94
1992 3.48 75.53 4,85
1993 3.25 71.82 4,74
1994 3.01 68.12 4,64
1995 2.76 64,06 4.52




TABLE A-3. 1995 LIGHT HEAVY-DUTY GASOLINE

TRUCK EMISSION FACTORS

(gm/mile)

Model Year HC Co NOx
1974 8.62 178.45 5.51
1975 8.62 178.45 5.51
1976 8.62 178.45 5.51
1977 5.98 157.33 5.47
1978 5.87 154,47 5.44
1979 5.74 151.21 5.39
1980 5.63 148.35 5.36
1981 5.51 145.09 5.32
1982 5.40 142,23 5.28
1983 5.29 139.37 5.24
1984 4,73 118.71 4,68
1985 3.94 80.16 4,64
1986 3.86 78.90 4.61
1987 2.47 17.47 5.99
1988 2.37 17.17 5.89
1989 2.25 16.81 5.77
1990 2.14 16.48 5.66
1991 1.86 15.62 5.31
1992 1.73 15.19 5.18
1993 1.57 14.66 5.02
1994 1.38 13.66 4,73
1995 1.21 13.13 4.56




RADIAN

TABLE A-4. 1995 MEDIUM HEAVY-DUTY GASOLINE
TRUCK EMISSION FACTORS

(gm/mile)

Model Year HC Co NOx
1974 13.74 284,48 8.78
1975 13.91 287.95 8.89
1976 14.16 293.14 9.05
1977 9.99 263.01 9.15
1978 9.91 260.91 9.18
1979 9,80 258,02 9.20
1980 9,71 255.71 9.23
1981 9.54 251.34 9.21
1982 9.40 247.63 9.19
1983 9.31 245.30 9.23
1984 8.41 211.18 8.32
1985 7.08 144,12 8.35
1986 6.85 140.05 8.17
1987 6.56 135.09 7.98
1988 6.22 128.91 7.70
1989 5.85 122.28 7.42
1990 5.50 116.12 7.15
1991 5.09 108.83 6.84
1992 4,69 101.87 6.54
1993 4,37 96.70 6.39
1994 4,05 91.55 6.23

1995 3.70 85.94 6.06




TABLE A-5. 1995 FAILURE RATES

LIGHT HEAVY-DUTY MEDIUM HEAVY-DUTY

GASOLINE TRUCKS GASOLINE TRUCKS
Model Year (%) (%)
1974 31 38
1975 31 38
1976 31 38
1977 31 38
1978 31 38
1979 31 38
1980 27 31
1981 27 31
1982 -27 31
1983 27 31
1984 27 31
1985 23 27
1986 23 27
1987 23 27
1988 23 27
1989 16 21
1990 14 19
1991 13 17
1992 11 15
1993 9 13
1994 8 12
1995 7 11

Source: All model years - Anchorage, Alaska HDGT I/M Program Failure Rates
provided by Sierra Research.



TABLE A-6. 1995 EMISSION REDUCTION DUE TO REPAIR
LIGHT HEAVY-DUTY GASOLINE TRUCKS

(%)

Model Year HC Co NOx
1974 34 20 0
1975 37 16 5
1976 37 16 5
1977 37 16 5
1978 37 i6 5
1979 37 16 5
1980 37 16 5
1981 37 16 5
1982 37 16 5
1983 37 16 5
1984 37 16 5
1985 37 16 5
1986 37 16 5
1987 23 20 10
1988 23 20 10
1989 23 20 10
1990 23 20 10
1991 23 20 10
1992 23 20 10
1993 23 20 10
1994 23 20 10

1995 23 20 10




TABLE Ar7; 1995 EMISSION REDUCTION DUE TO REPAIR
MEDIUM HEAVY-DUTY GASOLINE TRUCKS

(%)

Model Year HC Cco NOx
1974 34 37 0
1975 34 20 5
1976 34 20 5
1977 34 20 5
1978 34 20 5
1979 34 20 5
1980 34 20 5
1981 34 20 5
1982 34 20 5
1983 34 20 5
1984 34 20 5
1985 34 20 S
1986 ‘34 20 5
1987 34 20 5
1988 34 20 S
1989 34 20. 5
1990 34 20 5
1991 34 20 5
1992 34 20 5
1993 34 20 5
1994 34 20 5
1995 34 20 5
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10.

SMOG CHECK STATIONS

Do you repair heavy-duty gasoline trucks? Heavy-duty trucks are greater
than 8,500 lbs. GVW (i.e., vans, step vans, recreational vehicles, flat
beds, trucks, buses).

Would you be interested in performing Smog Checks on heavy-duty gas trucks?

Do you have adequate space to inspect heavy-duty trucks? What is the
longest size of truck you could inspect?

What physical comstraints would effect Smog Checks and repairs of heavy-
duty gas trucks?

What are your labor rates for light-duty vehicles (i.e., cars)?

Would the labor rates differ for heavy-duty trucks? If so, by how much?

What would repairs cost to adjust the carburetor and/or the ignition‘
system for a heavy-duty truck?

What fraction of the heavy-duty trucks could be repaired for less than
the $50 repair cost ceiling in the current I/M program?

Given your existing conditions, how many trucks could be Smog Checked per
day? '

How should the current Smog Check program be changed for heavy-duty
vehicles? Do you have any suggestions?
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APPENDIX C






TABLE C-1, 1988 REDUCED EFFECTIVENESS I/M FAILURE RATES

LIGHT HEAVY-DUTY MEDIUM HEAVY-DUTY

. GASOLINE TRUCKS GASOLINE TRUCKS
Model Year ¢9] (%
1967 25 29
1968 25 29
1969 25 29
1970 25 29
1971 25 29
1972 25 29
1973 21 25
1974 21 25
1975 21 25
1976 21 25
1977 21 25
1978 18 21
1979 18 21
1980 18 21
1981 18 21
1982 13 16
1983 11 15
1984 10 13
1985 9 12
1986 7 11
1987 6 9
1988 5 9




RADIAN

TABLE C-2. 1988 REDUCED EFFECTIVENESS EMISSION
REDUCTION DUE TO REPAIR LIGHT
HEAVY-DUTY GASOLINE TRUCKS

(%)

Model Year HC Co NOx
1967 24 14 0
1968 24 14 0
1969 24 14 0
1970 24 14 0
1971 24 14 0
1972 24 14 0
1973 24 14 0
1974 24 14 0
1975 26 11 3.5
1976 26 i1 3.5
1977 26 11 3.5
1978 26 11 3.5
1979 26 11 3.5
1980 26 11 3.5
1981 26 11 3.5
1982 26 i1 3.5
1983 26 11 3.5
1984 26 11 3.5
1985 26 11 3.5
1986 26 11 3.5
1987 i6 14 7
1988 16 14 7




TABLE C-3. 1988 REDUCED EFFECTIVENESS
EMISSION REDUCTION DUE TO REPAIR
MEDIUM HEAVY-DUTY GASOLINE TRUCKS-

(%)

Model Year HC Cco NOx
1967 24 26 0
1968 24 26 0
1969 24 26 0
1970 24 26 0
1971 24 26 0
1972 24 26 0
1973 24 26 0
1974 24 26 0
1975 26 14 3.5
1976 26 14 3.5
1977 26 14 3.5
1978 26 14 3.5
1979 26 14 3.5
1980 26 14 3.5
1981 26 14 3.5
1982 26 14 3.5
1983 26 14 3.5
1984 26 14 3.5
1985 26 14 3.5
1986 26 14 3.5
1987 26 14 3.5
1988 26 14 3.5




RADIAN

TABLE C-4. 1995 REDUCED EFFECTIVENESS I/M FAILURE RATES

LIGHT HEAVY-DUTY MEDIUM HEAVY-DUTY

GASOLINE TRUCKS GASOLINE TRUCKS
Model Year (Z) (Z)
1974 22 27
1975 22 27
1976 22 27
1977 22 27
1978 22 27
1979 22 27
1880 19 22
1981 19 22
1982 19 22
1983 i9 22
1984 19 22
1985 16 19
1986 i6 19
1987 16 19
1988 16 19
1989 i1 i5
1990 i0 13
1991 9 i2
1992 8 10
1993 6 9
1994 5 8
1995 4 7




RADIAN
CORPORATION

TABLE C-5. 1995 REDUCED EFFECTIVENESS I/M
EMISSION REDUCTION DUE TO REPAIR
LIGHT HEAVY-DUTY GASOLINE TRUCKS

(%)

Model Year HC co NOx
1974 24 14 0
1975 26 11 3.5
1976 26 11 3.5
1977 26 11 3.5
1978 26 11 3.5
1979 26 11 3.5
1980 26 11 3.5
1981 26 11 3.5
1982 26 11 3.5
1983 26 11 3.5
1984 26 11 3.5
1985 26 11 3.5
1986 26 11 3.5
1987 16 14 7
1988 16 14 7
1989 16 14 7
1990 16 14 7
1991 16 14 7
1992 16 14 7
1993 16 14 7
1994 16 14 7
1995 16 14 7




TABLE C-6. 1995 REDUCED EFFECTIVENESS I/M
EMISSION REDUCTION DUE TO REPAIR
MEDIUM HEAVY-DUTY GASOLINE TRUCKS

(%

Model Year HC ¢0] NOx
1974 24 26 0
1975 26 14 3.5
1976 26 14 3.5
1977 26 14 3.5
1978 26 14 3.5
1979 26 14 3.5
1980 26 14 3.5
1981 26 14 3.5
1982 26 14 3.5
1983 26 14 3.5
1984 26 14 3.5
1985 26 i4 3.5
1986 26 14 3.5
1987 26 14 3.5
1988 26 i4 3.5
1989 26 14 3.5
1990 26 14 3.5
1991 26 i4 3.5
1992 26 14 3.5
1993 26 14 3.5
1994 26 14 3.5
1995 26 14 3.5




